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Abstract X-ray spectroscopy offers an opportunity to study the complex mixture
of emitting and absorbing components in the circumnuclear regions of active galac-
tic nuclei (AGN), and to learn about the accretion process that fuels AGN and the
feedback of material to their host galaxies. We describe the spectral signatures that
may be studied and review the X-ray spectra and spectral variability of active galax-
ies, concentrating on progress from recent Chandra, XMM-Newton and Suzaku data
for local type 1 AGN. We describe the evidence for absorption covering a wide range
of column densities, ionization and dynamics, and discuss the growing evidence for
partial-covering absorption from data at energies >∼ 10 keV. Such absorption can also
explain the observed X-ray spectral curvature and variability in AGN at lower ener-
gies and is likely an important factor in shaping the observed properties of this class
of source. Consideration of self-consistent models for local AGN indicates that X-ray
spectra likely comprise a combination of absorption and reflection effects from material
originating within a few light days of the black hole as well as on larger scales. It is
likely that AGN X-ray spectra may be strongly affected by the presence of disk-wind
outflows that are expected in systems with high accretion rates, and we describe mod-
els that attempt to predict the effects of radiative transfer through such winds, and
discuss the prospects for new data to test and address these ideas.
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21 Introduction
Measurements of gas and stellar kinematics have shown that most galaxies harbor
a black hole at their center (Kormendy and Richstone 1995; Magorrian et al. 1998;
Ferrarese and Merritt 2000). The black holes in these galaxies are dubbed ‘supermas-
sive’, with masses in the range 106 − 109M⊙. The mass of the central black hole
scales with galaxy bulge properties such as its velocity dispersion (Gebhardt et al. 2000;
Tremaine et al. 2002), its luminosity (Marconi and Hunt 2003) and its stellar density
profile (Graham et al. 2001), and so the formation of the galaxy and the nuclear
supermassive black hole must be linked. In active galactic nuclei (AGN), radiation
from the nuclear region is detected that is thought to be released from material
accreting onto the black hole. Studying AGN offers the opportunity to understand
the coevolution of galaxies and black holes, as accretion must be linked to growth
of the black hole (Soltan 1982). The masses of black holes in active galaxies may
also be estimated using “reverberation mapping” (Peterson 1993; Kaspi et al. 2000;
Peterson and Wandel 2000; Peterson et al. 2004) giving results consistent with masses
derived from stellar kinematics and luminosities (Wandel 2002; Onken et al. 2004) and
with the black hole masses required to explain the linewidths of the photoionized broad-
line regions in AGN (Wandel et al. 1999). The majority of nuclear black holes in the
local Universe are evident only through their gravitational influence and either have no
detectable signatures of accretion or are only weakly active (e.g. Heckman et al. 2004).
The AGN phenomenon is observed over a wide range of intrinsic luminosity from dwarf
Seyfert galaxies to quasars (Lbol ∼ 10
40− 1047erg s−1) and shows strong cosmological
evolution, with a greater density of the most luminous AGN at earlier cosmic epochs
(e.g. Boyle et al. 2000). However, the way in which black holes grow, and the conditions
that cause active nuclei to switch off, are still being debated.
With the advent of X-ray observing satellites it was established (Elvis et al. 1978)
that X-ray emission is a common property of active galaxies and that the X-ray flux
comprises a significant fraction (about 5 − 40%: Ward et al. 1987) of the bolometric
emission from such objects. Observation of rapid (down to ks) variability in the X-ray
flux of local Seyfert galaxies constrained the X-ray emission to be small and thus likely
to arise very close to the active nucleus (e.g. Lawrence et al. 1985; Pounds et al. 1986)
1 The origin of X-rays from close to the central black hole means that X-ray data offer
a chance to study the immediate environs of supermassive black holes and the poorly
understood accretion process that fuels them. Although the X-ray emission region is
too small to image with current instrumentation, timing analysis and spectroscopy
offer ways to probe these regions indirectly. In addition to tracing spectral signatures
of the gas inflow and outflow at the heart of these accreting systems, X-ray data carry
signatures of reprocessing in material within a few hundred gravitational radii and the
potential for detecting measurable signatures from the accretion disk at even smaller
radii.
At optical wavelengths AGN are usually classified as either “type 1”, showing broad
optical/UV emission lines, or “type 2”, showing only narrow lines (see Osterbrock and Ferland 2006).
The “standard model” supposes that in type 2 AGN the broad line region (BLR) ex-
ists but is highly extinguished, and it is usually supposed that the extinguishing region
1 From the light travel-time across a source, in the absence of relativistic effects, a charac-
teristic timescale of 1 ks corresponds to an upper limit to its size D<
∼
200M−1
6
, expressed in
units of the gravitational radius rg = GM/c2, where M6 is the mass of a black hole in units
of 106 M⊙.
3Fig. 1 A schematic of the accretion disk-black hole system. The region producing the primary
X-ray continuum is denoted by a yellow star (this may be a “hotspot” or series of hotspots
or an extended coronal region). The figure shows one sight-line where continuum reflection is
seen and another where an absorption signature is imprinted onto the continuum. The top left
panel shows the transmitted spectrum through gas with NH = 5×10
23cm−2, log ξ = 2(black),
3(red) and 4(green), where ξ is the ionization parameter in units of erg cm s−1 (see section 2.2).
The absorption model was generated from xstar 2.1ln8 with turbulent velocity 200 km s−1 and
density n = 1012cm−3. Line re-emission should also be observed from the absorbing clouds;
the emission spectrum from the log ξ = 2 cloud is shown in the lower left panel. The top
right panel shows reflection from the ionized surface of the accretion disk seen face-on. The
model is from the reflionx public model table of Ross and Fabian (2005) and shown for log
ξ = 2(blue), 3(green) and 4(red), shifted in normalization for clarity (and therefore in arbitrary
units). The primary continuum, which in practice dilutes the reflection spectrum, is not shown.
Both models assumed solar abundances and a power-law continuum with photon index Γ = 2.
forms a torus around the central region. (e.g. Antonucci 1993). One expectation of the
unified model, where the primary difference between types is the orientation with re-
spect to the observer, is that any phenomena that are observed in type 2 AGN should
also be present in type 1 AGN, perhaps modified by a differing viewing angle. This
concept has been extended to the X-ray regime, where AGN whose X-ray emission is
absorbed by intervening material are known as type 2, and those without significant
absorption being evident are known as type 1. Although in general there is often a good
correspondence between optical and X-ray classifications (e.g. Bassani et al. 1999), this
agreement is by no means perfect (e.g. Panessa and Bassani 2002).
4Within this broad classification there are intermediate types with detectable but
weak broad-line components on their optical/UV emission lines (Osterbrock and Ferland 2006),
designated by, e.g. “type 1.5”. Osterbrock and Pogge (1985) also identified a class of
“narrow-line Seyfert 1” galaxies that have many of the properties of type 1 AGN but
with rather narrow Balmer lines. This class may comprise AGN accreting close to their
Eddington limits (Leighly 1999; Turner et al. 1999) and as such are particularly in-
teresting if we wish to study emission from accretion disks. At the other end of the
scale, a high fraction of nearby galaxies have “Low Ionisation Nuclear Emission Re-
gions” (LINERs: Heckman 1980): the accretion in these objects may be in the form of
a radiatively inefficient flow (e.g. Ho 1999, 2008, and see section 2.1).
In this review we shall discuss physical processes at work in the X-ray regime and
the progress that has been made over the last few decades. We will highlight the most
recent observational results and critically address the degree to which we can con-
strain conditions in the environs of active nuclei using current X-ray instruments. As
we are focusing on determining fundamentals of the accretion process we will limit
this review to the properties of bright nearby Seyfert type 1 AGN for which the most
detailed observational data are available, and whose timescales for variability are short
enough for us to study the full range of their behavior. One of the original moti-
vations for the unified scheme was to explain the radio properties of radio-luminous
AGN (Urry and Padovani 1995). It is known that radio-loud AGN are stronger X-
ray sources, with X-ray emission possibly being associated with a nuclear radio jet
(Zamorani et al. 1981) and in this review we shall discuss X-ray emission only from
radio-quiet AGN (although we should remember that all types of AGN have some level
of nuclear radio emission).
2 X-ray continuum production and reprocessing
2.1 Continuum production
Accretion onto the central black hole has become the accepted model for AGN, as it is
otherwise difficult to produce the observed radiation intensity over such a wide range
of the electromagnetic spectrum. Accreting gas has angular momentum and we expect
this material to form an accretion disk. When the gravitational potential energy lost
by material moving inwards is released locally and efficiently through viscous dissipa-
tion, the gas becomes much cooler than the local virial temperature and forms a disk
whose vertical thickness is much smaller than the radius, the so-called “thin disk” of
Shakura and Syunyaev (1973). The disk emission is a composite of black-body radia-
tion with a range of temperatures that depends on the range of emitting radii and the
mass of the central black hole. For very low accretion rates an advection-dominated ac-
cretion flow (ADAF) may develop (e.g. Narayan and Yi 1994; Abramowicz et al. 1995),
and as cooling by advection is inefficient the thermal energy in the disk is high and it
becomes relatively thick in the vertical direction. These flows may be at work in low
luminosity AGN such as LINERs.
Constraints on accretion can be obtained from consideration of some basic observ-
able quantities. The observed X-ray background radiation and the integrated QSO
luminosity are consistent with the expected integrated emission from the luminous
accretion phase of AGN, given the estimated local mass density of black holes, if
around 10 percent of accreted rest energy has been radiated (Yu and Tremaine 2002;
5Marconi et al. 2004). This leads to an expectation that most of the energy output from
AGN occurs within a few gravitational radii of the black hole (Fabian 2008), but we
note here that this does not necessarily mean that the X-ray emission we see comes to
us directly from close to the black hole. Whether or not we see any X-ray emission from
the accretion disk at such small radii depends on the accretion disk extending close to
the black hole and on there being sufficiently concentrated illuminating radiation to
generate significant reflection and on there being no subsequent reprocessing of radi-
ation by material further out. The estimate of this mean “radiative efficiency” from
the X-ray background also depends critically on the range of redshifts over which the
dominant growth occurs: this is constrained by the observed AGN luminosity function
but we must be sure that the luminosity function in some waveband adequately reflects
the black hole growth at each epoch.
In the case of thin accretion disks around supermassive black holes the intensity
peak of the radiation is in the UV regime (Shakura and Syunyaev 1973). To obtain X-
ray emission, it is thought that UV photons from the innermost edge of the accretion
disk serve as ‘seed photons’ for multiple inverse Compton scatterings by a popula-
tion of hot or relativistic electrons existing in a coronal region sandwiching the disk
(Haardt and Maraschi 1991, 1993; Zdziarski et al. 1994). The origin of the Comptoniz-
ing electrons is at present uncertain but the coronal heating may be related to magnetic
dissipation processes, or the corona may be populated with electron-positron pairs pro-
duced by photon-photon collisions (see, e.g., Fabian 1994 and references therein).
The Comptonizing electrons may have a thermal, non-thermal or mixed electron
population. In this basic picture the observed X-ray continuum represents the Comp-
tonized spectrum whose shape depends upon the parameters of the electron population
(e.g. Haardt and Maraschi 1991; Titarchuk and Hua 1997). For example, the tempera-
ture of a thermal population can be parameterized as Θe = kTe/mec
2, and the energy-
dependent optical depth to Compton scattering, τe. The coronal spectrum can be well
approximated by a power-law for a region of parameter-space up to a cut-off energy
Ec ∼ kTe. Ignoring geometric details, measurement of the continuum slope and the
cut-off energy could, in principle, constrain the physical parameters of the corona, and
combining this with the observed luminosity one could estimate the luminosity of the
seed photons and learn something about the accretion flow. Unfortunately, in practice
the primary continuum is difficult to isolate in available observational data. In contrast
to the spectra of accretion disks in AGN that peak in the UV band, those in Galactic
Black Hole binary systems have a higher peak temperature, such that the Wien tail
of the disk emission imposes a signature in the X-ray band that can be difficult to
disentangle from the other spectral components.
The AGN corona is thought to exist on size scales less than a few tens of gravita-
tional radii from the black hole (section 7.1.2), so the X-ray continuum could experience
reprocessing in gas extending from very close to the black hole outwards. X-ray con-
tinuum photons produced in the corona would emerge quasi-isotropically (depending
on the corona optical depth and shape), some of these escape along sight lines to the
observer and could pick up an imprint of material along the line-of-sight, some X-ray
photons may illuminate the accretion disk and reflect from the surface of the disk before
reaching the observer (Figure 1). The observed spectrum is then the sum of primary
continuum and reprocessed X-rays. While frustratingly making the true continuum
difficult to uncover, these imprints of reprocessing are themselves valuable diagnostics
of accreting systems, and we now discuss the details and diagnostic potential of those
signatures.
62.2 X-ray reprocessing in the Compton-thin regime
In the 0.1 − 10 keV band, energetic X-ray photons can excite or ionize inner-shell
electrons of atoms from C to Ni, with K-shell processes dominating. Early (propor-
tional counter and other) observations of X-ray absorption in AGN concentrated on
deriving gas parameters from the broad “curvature” (the systematic variation in ap-
parent power-law slope with photon energy) produced by superposition of bound-free
edges presumed from neutral gas, whose effects were most noticeable in the soft X-
ray band. Initial treatment of ionized gas derived column densities and ionization-
states from fits to K edges of Ovii and Oviii. As data quality improved, and more
detailed spectral features became detectable, the employment of photoionization mod-
els was justified, although most models necessarily make simplifying assumptions of
geometry and distribution of matter. Common features of many models are the as-
sumption of a slab of gas of constant density, photoionized by a central continuum
source whose spectral form is usually specified as an input parameter. The gas is of-
ten assumed to be in thermal equilibrium with the thermal and ionization structure
determined at some finite number of points in radial steps away from the central con-
tinuum. Photoionization codes that have been widely used to fit X-ray spectra include
ion (Netzer 1993), cloudy (Ferland et al. 1998), xstar (Kallman and Bautista 2001)
(with xstar 21ln onwards including the important inner shell transitions for Fe,
Kallman et al. 2004), spex (Kaastra et al. 2003), titan (Collin et al. 2004) and mo-
cassin (Ercolano et al. 2008).
In photoionized gas the ionization state is determined by the form of the ionizing
spectrum and a quantity that measures the ratio of ionizing photon density to proton
density known as the ionization parameter (e.g. Osterbrock and Ferland 2006) In this
review we use the ξ form of ionization parameter where ξ = L/nr2 and L is the ionizing
luminosity integrated from 1-1000 Ryd, n is the proton density and r the distance of
the material from the central black hole (Tarter et al. 1969)2 We adopt units for ξ of
erg cm s−1. A convenient expression of the amount of gas in the line-of-sight is the
equivalent column density of hydrogen atoms, NH atoms cm
−2, with solar abundances
of other elements often assumed, although ionic columns, i.e. column densities of just
one species, are also widely used. In high-ionization gas, hydrogen does not contribute
significantly to the opacity, which is dominated by photoelectric absorption by heavier
ions.
In addition to bound-free edges, resonance transitions can produce significant ab-
sorption signatures. The importance of resonance absorption lines in the X-ray regime
was first discussed by Matt (1994), who noted that if material is in an ionization-state
for which resonant absorption can occur (i.e. for Kα, those having an L shell vacancy,
H-like to F-like ions) then in the optically-thin regime the FeKα absorption line equiv-
alent width (EW) would be EW ≃ 20AFe(NH/10
22cm−2) eV, where AFe is the iron
abundance relative to the interstellar value, indicating that FeKα absorption should
2 The ionization parameter is also commonly defined as a dimensionless quantity U
(Osterbrock and Ferland 2006), widely used in UV astronomy: additional variants on the ion-
ization parameter are Ux and Uox that are distinguished by the range over which the illumi-
nating ionizing luminosity is integrated (0.1-10.0 keV and 0.54-10.0 keV, respectively, see e.g.
Netzer 1996; George et al. 1998). The conversion between the most commonly used ionization
parameters is shown by George et al. (1998) for several assumed ionizing spectra. For analysis
of multi-phase plasmas in pressure equilibrium a parameter Ξ defined in terms of pressure
rather than density may be preferred (Krolik et al. 1981; Nayakshin et al. 2000).
7be highly significant in X-ray spectra of ionized gas (see also Nicastro et al. 1999 and
Bianchi et al. 2005). Indeed, a few years after the publication of that paper, with the
advent of a new generation of X-ray grating instruments, resonance absorption lines
started to be detected in X-ray spectra of AGN (Kaastra et al. 2000; Sako et al. 2001;
Kaspi et al. 2002, Figure 3). Krolik and Kriss (1995) discussed how the resonance line
features would contribute to the X-ray spectral shape, such that they would seriously
compromise correct identification of simple single edges fit in CCD quality spectra and
also affect the observed fluxes and profiles of any emission lines close enough in energy
to be unresolved in X-ray spectra.
Absorbing gas is also expected to produce line emission. In particular, Kα lines may
be emitted by fluorescence, that is, relaxation after a K-shell photoionization, with a
high fraction of photoionizations ultimately producing a Kα photon (Osterbrock and Ferland 2006).
The strength of an emitted fluorescence line is governed by the probabilities of radiative
de-excitation compared to auto-ionization (known as the Auger effect for this case of
relaxation from a state with an inner-shell vacancy) and to two-photon emission. The
probability of producing a Kα photon per ionization is known as the (Kα) fluorescence
yield. Because fluorescence yield increases strongly with atomic number approximately
as Z4, and because Fe has a high abundance, Fe line emission is prominent in X-ray
spectra of AGN.
Krolik and Kallman (1987) estimate that the luminosity of the FeKα fluorescence
emission line is approximately
LKα ≃
EKα
2 + Γ
〈Y 〉
∆Ω
4pi
L0〈τ0〉
in the optically-thin limit and assuming a power-law illuminating continuum of photon
index Γ , and where EKα is the energy of the Kα emission line, 〈Y 〉 is the fluorescence
yield averaged over ionization states, L0 is the continuum luminosity per unit energy
interval at the K edge and 〈τ0〉 is the photoionization optical depth at the K edge
averaged over the solid angle subtended by the absorber at the source. The above
relation is an upper limit on the line strength because scattering and re-absorption of
the fluorescence photons have been neglected. A consequence of Fe ions having high
fluorescence yield is that we expect to see a direct correspondence between detection of
bound-free edges (such as the FeK edge) and re-emission of fluorescence lines (such as
FeKα). For low-ionization states of Fe we expect approximately one-third of photons
absorbed in a K-edge photoionization to be re-emitted as Kα line photons. For highly-
ionized material we expect 0.5<∼〈Y 〉
<
∼ 0.7 (Krolik and Kallman 1987). Because the
bound-free edge is observed in absorption along the line of sight, but the fluorescence
photons are emitted isotropically, the equivalent width of the emission depends on the
geometry of the absorber and in particular on the fraction of the source that is covered
by the absorber. Only in the case of complete covering of the source by optically-thin
gas do we expect to observe an equivalent width commensurate with the fluorescence
yield.
For ionized material, the binding energies of the inner shells generally increase with
ionization and so the energies of the K edges and emission and absorption lines usu-
ally increase with ionization (see Kallman et al. 2004). In neutral material the FeKα
fluorescence line comprises a doublet at energies 6.404 and 6.391 keV, these being indis-
tinguishable by current X-ray spectrometers. The FeKβ line at 7.06 keV is expected at
about 13.5% of the flux of Kα (e.g. Leahy and Creighton 1993; Palmeri et al. 2003). In
8ionized gas the “FeKα line” becomes a complex of permitted, intercombination and for-
bidden transitions (depending on which ion is considered) with possible contributions
also from satellite lines, that are largely unresolved with current instruments (see e.g.
Bautista and Kallman 2000; Kallman et al. 2004; Bianchi et al. 2005), but which may
be partly separable with future instruments (see Section 9). In photoionized gas in par-
ticular, FeKα fluorescence emission may be dominated by the intercombination and for-
bidden transitions (e.g. for Fexxv, see Bautista and Kallman 2000; Bianchi et al. 2005
and references therein, see also Bautista and Kallman 2000; Porquet and Dubau 2000
for discussion of other He-like ions). The fluorescence yield is also a function of ion-
ization state; the yield varies with ionization until the atom is down to H- and He-like
states, where the Auger effect can no longer occur and the yield reaches a maximum
(Krolik and Kallman 1987). Matt et al. (1997), Bianchi and Matt (2002) and Bianchi et al. (2005)
give examples of the predicted line strengths and dependences on atomic number, col-
umn density, geometry, elemental abundance and ionization-state of the line-emission
region.
Returning to consideration of resonance absorption lines, emission of Kα photons
following a Kα absorption (the process of resonant scattering) can also occur, causing
the absorption lines to be partially filled-in. Neglecting, for the moment, the destruc-
tion or absorption of line photons that can occur during successive resonant scatterings
(see Section 2.3) and assuming the optically-thin limit, the strength Fem of resonance
line emission accompanying the line absorption is expected in Li-like to F-like ions to
be approximately Fem ≃ FabsY
′∆Ω/4pi, where Fabs is the absorbed flux, Y
′ is the
fluorescence yield for the ionization state below that of the ion in question and ∆Ω
the solid angle subtended by the absorber at the illuminating source (Matt 1994). The
fluorescence yield for the previous ionization state, Y ′, is close to, but not exactly the
same as, the yield of Kα photons from the resonant transition. For H-like and He-like
ions Y ′ should be replaced by a value of nearly unity, as Kα transitions in these ions
are almost pure scattering events. The geometry of the gas is a crucial factor in de-
termining the degree to which the absorption line is filled-in by re-emission and for
a full sphere of highly-ionized optically-thin gas the emitted flux is typically about
one-half the absorbed flux (but see below for further discussion of the effects of geom-
etry on resonantly-scattered lines). Clearly the relative dominance of various emission
and absorption features depends strongly on the gas geometry, and so conversely, the
measured strengths of these could in principle be a powerful constraint on the gas
distribution, if components can be adequately separated in observational data.
2.3 Resonant line scattering and the effects of geometry
In ionized material, for radiative transitions whose lower level is significantly populated,
the photon mean free path may be much less than for continuum photons, and under
these conditions line photons can resonantly scatter (e.g. the FeKα resonance line in
the case where Fe is ionized at least to F-like states). Losses of line emission may occur
for lines such as FeKα during resonant scattering. First, on each scattering there is
some probability of photoelectric absorption, so on repeated resonant scattering events
the line becomes increasingly attenuated. Second, for Li-like to F-like ions, at each
resonant absorption there is a probability of auto-ionization rather than remission of
a Kα photon - a process often referred to as “resonant Auger destruction”. Detailed
calculations of population levels are required to correctly assess the extent both of
9resonant scattering and of resonant Auger destruction (e.g. Liedahl 2005) but the effect
can be significant for ionized absorbing zones. The extent of resonant scattering is
also affected by the velocity structure in the gas: turbulent velocity structure lowers
the optical depth in the line core but increases the range of photon energies over
which resonant scattering can take place (Nicastro et al. 1999); macroscopic velocity
structure can suppress resonant scattering, which ceases when line photons are Doppler-
shifted away from the wings of the absorption profile.
The geometry of the absorbing material can play an even more important role for
resonantly-scattered lines than it does for non-resonantly scattered lines. Not only is
the covering fraction important but so also is the shape of the absorbing zone and
orientation with respect to both illuminating source and observer. Consider radiation
passing through an anisotropic absorber. When resonantly scattering, line photons ran-
dom walk between successive absorption and emission events inside the absorber, and
are last scattered from about an optical depth of unity inside its volume. If the absorber
is oriented so that its surface is preferentially oriented away from the observer, there is a
greater line intensity away from the observer than towards the observer. The effect has
been simulated for resonant scattering in highly ionized gas by Matt et al. (1997). In
addition, if the K-edge absorption optical depth is sufficiently high, most fluorescence
photons are emitted from the surface nearest the illuminating source, again leading
to anisotropy of the line emission, with the observed luminosity being significantly
suppressed for lines-of-sight that pass through the absorber (Ferland et al. 1992).
Given that there is no spatial information available for the innermost X-ray-emitting
regions, the geometry of the regions is unknown, making predictions of the observed
strengths of resonantly-scattered lines such as ionized FeKα difficult and model-dependent.
2.4 X-ray reprocessing in the Compton-thick regime
In gas with a high column density, Compton scattering has a significant effect. For
photons in the 2–10 keV band, where most X-ray data have been accumulated to date,
hν << mec
2 and the Compton scattering cross-section for free electrons is approxi-
mately the energy-independent Thomson cross-section σT. For solar-abundance gas in
which H and He are fully ionized, the dominant scattering is by free electrons and the
continuum optical depth is τ ≃ NeσT, where Ne is the free electron column density
(heavier ions also have significant energy-dependent individual scattering cross-sections
but their net contribution is small). Thus the scattering optical depth has a value unity
approximately at NH ≃ 1/1.2σT ≃ 1.25 × 10
24cm−2. For solar abundance material,
the cross-sections for Compton scattering and photoelectric absorption, σpe, are com-
parable at 10 keV and this represents an energy that has been considered as the low
threshold for studying the “Compton reflected” components of AGN. For column den-
sity up to about 1025cm−2, some transmitted radiation is still visible above 10 keV
(Matt et al. 1999). Note that in this regime, computation of the expected transmitted
spectrum should take account of Compton scattering, which is not included in one-
dimensional radiative transfer codes such as xstar. For higher column densities still,
the material allows essentially no direct transmission of photons through the structure.
Compton scattering around the edges of absorbing zones may still allow some fraction
of X-ray radiation to reach the observer (rather like the “silver-lining” effect around
cloud edges).
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Despite the presence of an intense field of radiation, relatively cold gas (T ≤ 106K)
can exist in the nuclear regions if the material is sufficiently dense (Guilbert and Rees 1988;
Ferland and Rees 1988). It is thought that the inner radius of the accretion disk may
extend very close to the black hole, and that this disk could provide a Compton-thick
structure that plays an important role in reprocessing nuclear X-rays. Photons incident
on the disk surface penetrate to a mean optical depth of unity into the disk. Continuum
X-ray photons undergo either Compton scattering or photoelectric absorption in this
surface layer. Compton scattering can redirect photons back out of the slab; in such an
encounter, the typical Compton recoil energy loss ∆E by a photon of energy E is given
by ∆E/E ≃ 2E/mec
2 which exceeds 10 percent at E>∼ 30 keV. Incident photons are
downscattered in energy and a “hump” appears in the reflected spectrum through a
combination of scattering and absorption effects. If we view the disk from the same side
as the illumination there are not many scatterings per observed photon and for photon
index Γ = 2 the hump is at most a factor two enhanced (Magdziarz and Zdziarski 1995)
compared with a calculation in which Compton losses are neglected. Below 30 keV the
photoelectric opacity of the material increases with decreasing energy, further enhanc-
ing the appearance of the reflection hump (Matt et al. 1991). A photoelectric absorp-
tion event results in either fluorescence line emission or ejection of an Auger electron.
Thus the fate of incident photons is either to be destroyed by the Auger effect, scat-
tered out of the slab or re-emitted from the slab as a fluorescence line (with some small
contribution from two-photon emission). The net effect of these processes gives the
so-called Compton reflection spectrum.
The shape of the reflection spectrum has been determined from theory (Guilbert and Rees 1988;
Ferland and Rees 1988) and calculated in Monte Carlo simulations (George and Fabian 1991;
Reynolds and Fabian 1997; Matt et al. 1991). The combination of absorption and scat-
tering reduces the intensity of the reflected spectrum compared to that incident on the
disk. To first order, valid for energies <∼ 10 keV, the reflected spectrum is depressed
by an energy-dependent factor about σT/(σT + σpe) relative to the illuminating con-
tinuum and is a function of the ionization of the surface layers in the reflector. At
energies >∼ 10 keV the Compton “hump” discussed above enhances the reflected spec-
trum somewhat. The observed strength of the reflected spectrum relative to the il-
luminating continuum is a strong function of illuminating angle and viewing angle
(Ghisellini et al. 1994; George and Fabian 1991; Matt et al. 1997), being highest for
viewing normal to the surface, and, for an infinite disk illuminated by a point source,
varying by a factor about 10 as viewing angle θ varies over the range 0.05 < cos θ < 0.95
(Magdziarz and Zdziarski 1995: see also Nayakshin et al. 2000). In model fits to data
the relative reflection strength at high energy (where the opacity is low) is often pa-
rameterized by a parameter R defined as the ratio of the reflected intensity relative to
that expected from a uniform infinite disk with time-steady illumination from above
and viewed normal to the surface: a surprising feature of some model fits to data is
that they yield values R>∼ 3 (e.g. Miniutti et al. 2007), see Section 6.3.
X-ray missions to date have offered limited data above 10 keV, making it difficult
to access this important part of the spectrum (without going to high redshift, where a
dearth of photons limits progress). Fortunately however, there are other detectable sig-
natures of reflection predicted below 10 keV. As noted above, some absorbed photons
are re-emitted as fluorescence lines and the emission part of the spectrum is domi-
nated by the Kα lines of the most abundant metals. Fe Kα is the strongest of these
fluorescence lines and was predicted to have a detectable contribution from cold dense
material close to the black hole whether in the form of clouds (Guilbert and Rees 1988;
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Nandra and George 1994) or an accretion disk (Lightman and White 1988). At softer
energies, emission is expected from other fluorescence lines, radiative recombination
continuum and bremsstrahlung from the reflector surface layers leading to a rich spec-
trum that is highly dependent on the ionization parameter (Ross et al. 1999; Ross and Fabian 2005).
As noted above, the photons that escape from the disk are those that reprocess
within an average of one optical depth of the surface, and thus it is the properties of
the skin of the disk that determine the detailed shape of the reflected spectrum, i.e. the
reflection spectrum can have the signature of ionized material without inferring any
inconsistency with the conditions required for the disk to exist at that location. The
strengths of the spectral features in the case of reflection also depend on the factors
that are important for Compton-thin gas, i.e., elemental abundance, ionization-state,
incident spectrum and geometry (in this case, the shape and orientation of the disk).
Destruction of line photons during resonant scattering (Section 2.3) also occurs: for
the FeKα emission this is important for the range 100 erg cm s−1<∼ ξ
<
∼ 500 erg cm s
−1,
where Fe is dominated by ions in the range Fexvii-xxiii (Kallman et al. 2004). As ξ
increases above this level photoelectric absorption and the Auger destruction dimin-
ish, and although resonant scattering is still in effect, the line photons can eventually
escape the disk and the observed line strength increases, up to a point where Fe is
completely ionized and both line and edge disappear from the reflected spectrum (see
Ross et al. 1999; Ross and Fabian 2005).
The X-ray spectra of AGN are likely complex, with contributions from a primary
continuum that may have a high-energy cut-off (thought to be in the few hundred keV
regime, Dadina 2008), absorption from several layers of gas with different ionization
and likely differing covering fraction, and a contribution from reflection off Compton-
thick gas. On this is superimposed the re-emission associated with each absorption and
reflection process, and those components are subject to distortion by various kinematic
and relativistic effects. We now consider the distortions important to the X-ray regime.
2.5 Thermal, kinematic and relativistic modifications of AGN spectra
The modification of the reprocessed spectrum by a variety of kinematic and relativistic
effects complicates the effort to identify the physical state and geometry of reprocessing
material. Consider first the effects that are expected for a cloud of gas experiencing
no external effects. For the Fe Kα fluorescence line the natural line-width is about
3.5 eV, negligible given the spectral resolution available and given many other factors
that broaden the line far more. Thermal broadening in gas of temperature T produces
a Doppler spread in photon energy ∆E/E ∼
√
2kT/mpc2. For T ∼ 10
6 − 107 K,
likely applicable to the X-ray gas, thermal widths are also negligible compared with
instrumental resolution, although thermal broadening does affect the extent of resonant
scattering of lines.
Compton scattering can also have a detectable effect on line profiles. At FeKα
a single Compton scattering event can change the photon energy by an average of
about 80 eV, comparable to the resolution of CCD detectors and resolvable by grating
instruments, and leading to the possible development of a “Compton shoulder” to
energies below the line core.
Other observational distortions depend on the gas geometry, radial location from
the central black hole and our viewing line-of-sight. Spectral features imprinted from
gas with some velocity are shifted in energy; in the non-relativistic regime this is a
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simple Doppler shift. The case of the symmetric sphere of outflowing gas is interesting
and well studied within stellar astrophysics; the so-called PCygni profile is produced
in such a case, where the absorption component of a line is blue-shifted relative to the
mean emission component, producing a characteristic spectral signature. In all cases
except that of the symmetric sphere of gas, the observer’s orientation to the material is
clearly important as that determines the velocity component along the sight-line and
hence the degree of Doppler shift experienced by each line component. For Compton-
thin gas, absorption features can be seen from material in the line-of-sight to the
continuum, and in this case broadening can occur where there is a velocity gradient
along the line-of-sight. Line emission is similarly broadened both by bulk flow velocity
gradients and by orbital motion. In some regimes of inclination angle and emitting
radii, gas in a rotating annulus may produce emission lines with the classic “double-
horned” profile, as the observer is viewing the sum of the approaching and receding
sides of the disk.
As gas velocities reach the relativistic regime then spectral signatures suffer fur-
ther distortion, as relativistic aberration boosts the blue peak of spectral lines and sup-
presses the red. For emitting material very close to the black hole, gravitational redshift
of photons becomes significant, redistributing line photons to lower energies with a shift
that depends on the radial location of the gas; in addition to gravitational redshift the
Doppler effect from orbital motion provides an energy shift of comparable magnitude;
and light bending around the black hole leads to potentially large distortions in the
viewed emission region. In the case of emission from a disk, the latter effect is most sig-
nificant for disks viewed at large inclination angles to the normal. Fabian et al. (1989),
Laor (1991), Karas et al. (1995) and Reynolds and Nowak (2003), among others, plot
the predicted spectra from an accretion disk, showing the expected line profile as a func-
tion of disk orbital parameters. As the radial location of the gas is a critical parameter
for determining the degree of general relativistic effects, this, and other key parameters
can, in principle, be derived from spectral line shapes. In the Schwarzschild metric, the
general relativistic terms are factors (1−2rg/r)
−1/2 which become significant for radius
coordinate r <∼ 20 rg. Thus general relativistic distortions are, in principle, measurable
in current X-ray spectra for gas within such radii, although, as we discuss below, the
ambiguity of spectral signatures limits progress in this regard.
3 Basic Models of AGN spectra
The above basic ingredients may be used to construct model spectra with a small num-
ber of parameters that may be used to fit to observations (see Sections 4 & 6). Fig. 2
illustrates the model components that are commonly used, all shown here for the same
simple input continuum, a power-law with photon index Γ = 2. The first panel (a)
shows the effect of a shell of absorbing gas in front of the primary source. In this case
the gas is assumed to be neutral and hence has very high optical depth in the soft band.
As discussed above, models to generate the effects of ionized absorption are also fre-
quently used (e.g. xstar, Kallman and Bautista 2001; Kallman et al. 20043). Curves
show the transmitted spectrum for a full shell of gas of varying column density and
the Fe Kα and Kβ line emission from the gas is also included based on the calculations
of Leahy and Creighton (1993), assuming the Kβ line flux to be 13.5% of the Kα line.
3 http://heasarc.nasa.gov/lheasoft/xstar/xstar.html
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Fig. 2 Model lines for a) a simple power-law continuum with photon index Γ = 2, no
high-energy cut-off and no absorption (red), modified by absorption by a full shell of neu-
tral gas with column density NH = 5× 10
21cm−2 (green), NH = 5× 10
22cm−2 (dark blue),
NH = 5× 10
23cm−2 (light blue dot-dash line); b) the same power law (red) absorbed by a full
shell of gas with NH = 5× 10
23cm−2 (dark blue), 90% covered by the gas (orange) and 50%
covered by the gas (magenta); c) the spectrum reflected by Compton-thick gas calculated from
the reflionx model (Ross and Fabian 2005). We plot reflection alone (lower green line) and
summed with the illuminating powerlaw (upper green line). The same reflection spectrum is
shown blurred by the effect of orbiting of the material near the black hole (lower red line) and
the sum of the blurred reflected spectrum and the powerlaw is also shown (upper red line).
The two cases are each shown with an arbitrary normalization to allow clarity of display. See
text for full details of the calculations.
The second panel (b) shows the effect of allowing only part of an extended source to be
covered by the absorbing gas, showing covering fractions of 50, 90 and 100 percent. The
dominant effect is to allow leakage of flux in the soft band, and to change the shape of
the transmitted spectrum at intermediate energies. Emission lines are included as for
(a). The third panel (c) shows the spectrum expected from reflection from optically-
thick gas, here generated using the reflionx model (Ross and Fabian 2005) assum-
ing ξ = 10 erg cm s−1 and solar abundances. Also shown is the sum of the reflected
spectrum and the illuminating powerlaw. For comparison, these are overlaid with the
spectrum expected after general relativistic blurring appropriate to reflection within
3–20 rg of the black hole, with a radial profile of reflected emissivity I(r) ∝ r
−3 and
assuming in the blurring calculation an inclination angle of 30◦. This calculation was
made using the kdblur convolving function, based on the model of Laor (1991), in
the xspec package (Arnaud 1996).
These models are overly simplistic representations of the likely complex inner re-
gions of AGN. Any absorbing material is unlikely to be in the form of a uniform shell
and probably comprises multi-phase gas over a wide range of ionization, density and
radii, and having spatial structure which, if comparable to the scale of the primary
emission region, causes a mixture of spectral components to be received by the ob-
server. Any absorbing gas of high optical depth also produces scattered components
of radiation that should be taken into account. Similarly, although we expect there to
be scattered/reflected radiation from optically-thick components in the inner regions,
this is likely complex, again covering a wide range of radii, ionization states and spatial
structures. Nayakshin et al. (2000) show how an accretion disk atmosphere in pressure
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equilibrium may produce substantially different reflection spectra from the constant-
density calculation used for reflionx (Ross and Fabian 2005) for some range of disk
states. Also, although the approach noted above to construct the reflection models is
one that is commonly used, the one-dimensional calculation used for reflionx does not
allow for the expected variation in line emissivity with both illumination incidence an-
gle and viewing angle (e.g. Nayakshin et al. 2000) and thus the calculation for inclined
disks is not self-consistent. For inclination angles <∼ 30
◦ the variation in emissivity is
not thought to be large (Magdziarz and Zdziarski 1995) but would make a significant
difference at inclinations >∼ 60
◦. Near the black hole the combined effects of relativistic
aberration of angles caused by the disk motion and the bending of light around the
black hole may make such angle-dependent emissivity more important. Furthermore,
although we adopted a reflected emissivity profile varying as r−3, we do not in fact
expect the reflection to vary with the same dependence as the black-body emissivity
of the disk (Shakura and Syunyaev 1973), as the reflected emissivity depends on the
radial dependence of the illuminating continuum, e.g. radiation from a corona, viewed
at the disk’s surface, as well as on the disk’s structure and ionization. A large, extended
corona would not be expected to result in such a steep reflection profile.
With the datasets currently available it is not possible to build models that can
encapsulate such complexity in any unambiguous way, so the best that can be done
for now is to try to model the generic features of the X-ray spectra to distinguish
the most important spectral components. This has important consequences for the
conclusions that may be drawn from model-fitting: if we wish to decide between two
competing models of a spectrum, in reality either of the models being tested are likely
gross simplifications of the true physical situation. A simple comparison of overall
goodness-of-fit, e.g. using a standard χ2 test, could be misleading. A better approach
under these conditions is to attempt to identify key features, such as absorption lines
or edges or emission lines, which might have the power of discriminating between
models, and to test the data for the presence of those signatures. As the quality of data
improves with each successive X-ray observatory, our ability to distinguish between such
signatures increases. But even with current generations of instruments, CCD detectors
with high effective area lack the energy resolution needed to clearly detect narrow
absorption and emission features, whereas high resolution grating instruments lack
sensitivity. This results in an ongoing ambiguity in the conclusions that may be drawn
from modeling of X-ray spectra, but this ambiguity should be addressed in the next
few years with a new generation of high-throughput, high-resolution and broad-band
instruments (Section 9). In the following two sections we take a historical approach to
describe how our knowledge of the inner regions of AGN has developed to date, and to
summarize some of the current ambiguities in the interpretation of AGN X-ray spectra.
4 Early X-ray observations of AGN
In this section we summarize some of the strengths and notable properties of the X-ray
missions that have had the most major impact on AGN research.
Observations using balloon and rocket-borne detectors flown during the 1960s de-
tected X-rays from extra-galactic sources such as 3C 273 and Centaurus A (Bowyer et al. 1970).
Following these successes, several dedicated X-ray astronomy satellites were approved
that operated during the 1970s. One of these, the Uhuru satellite, confirmed the X-ray
detection of several sources identified with AGN (Giacconi et al. 1974). Ariel-V data
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(e.g. Elvis et al. 1978) later showed that not only was X-ray emission a common prop-
erty of AGN but that the X-ray flux varied by significant factors down to timescales
shorter than one day in some sources (Marshall et al. 1981). Of the many instruments
on OSO-7 and HEAO-1, the proportional counters were the most useful for AGN stud-
ies. These, along with the Ariel V data, established that in the 2−20 keV regime AGN
spectra could be parameterized by power-law continua with a mean photon index for
the sample Γ ∼ 1.7 (e.g. Tucker et al. 1973, Mushotzky 1976, Mushotzky 1984). Col-
umn densities were estimated assuming the absorbing gas to be a shell of neutral
material covering the illuminating source. Compilations of spectral fits suggested col-
umn densities NH ∼ 10
21 cm−2 of gas existed around active nuclei, that this gas may
be located in the BLR and that obscuration is more likely for low luminosity objects
(e.g. Lawrence and Elvis 1982).
The second HEAO satellite, launched in 1978, was named the Einstein observatory.
Einstein provided focusing X-ray optics and high sensitivity whose combined properties
increased the number of X-ray detections of AGN by an order of magnitude. The
focal plane detectors included proportional counters and a solid state spectrometer;
observations using these instruments revealed soft-band (here used to mean 0.1–2 keV)
complexity (e.g. Wilkes and Elvis 1987) that led to some suggestions that the gas covers
only a fraction of the line-of-sight of AGN, comprising a so-called ‘partial-covering
absorber’ (Reichert et al. 1985; Holt et al. 1980; see Section 3). Einstein observations
of variations in absorption for the quasar MR 2251-178 led Halpern (1984) to the
first suggested detection of a partially ionized absorber in AGN, dubbed the ‘warm
absorber’, responding to variations in the continuum source.
The European X-ray Observing Satellite, EXOSAT, had a 3 year mission (1983-
1986) and provided a variety of instruments of which the channel multiplier array
(CMA) and the medium energy (ME) proportional counter were most useful for studies
of AGN. The satellite had focusing optics in two Wolter type 1 Low Energy Telescopes
each with a CMA in the focal plane that yielded data in the 0.05–2 keV band. As for
previous proportional counters, the ME provided only modest spectral energy reso-
lution (∆EFWHM/E ≃ 0.21(E/6.0keV)
−0.5 for the argon chambers) and useful data
over 1–10 keV for weak sources such as AGN. EXOSAT also carried grating detectors
(the Transmission Grating Spectrometers) but the sensitivity of the detector combi-
nation was not sufficiently high for any useful AGN observations to be carried out.
Some notable contributions of EXOSAT to the study of AGN included detailed study
of rapid variability in AGN (Green et al. 1993). Timing studies of AGN were aided by
the eccentric orbit that allowed continuous observations for up to 76 hours of the 90
hour orbit. The broad bandpass of EXOSAT was also key to the detection of an excess
of soft-band X-ray flux (the so-called ‘soft excess’) seen in about 50% of AGN compared
to an extrapolation of model fits to data above a few keV (Turner and Pounds 1989).
Some authors discussed how the reduced soft-band opacity of partially ionized C, N,
O, Ne and other ions might explain the soft spectra and variability observed (e.g.
Fiore et al. 1990; Warwick et al. 1988; Yaqoob et al. 1989; Pan et al. 1990) while oth-
ers argued for an interpretation of the soft excess as emission closely related to the
inner accretion disk (e.g. Arnaud et al. 1985; Kaastra and Barr 1989; Piro et al. 1988;
Turner and Pounds 1988).
In addition to the soft-band spectral complexity, some detections of Fe emission had
been made in the brightest and most heavily absorbed Seyfert galaxies from OSO-8 data
(Mushotzky et al. 1978), the Japanese Tenma satellite (Miyoshi et al. 1986) and some
EXOSAT data (e.g. Ghosh et al. 1992; Leighly et al. 1989). Fe emission lines found in
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Einstein spectra (Holt et al. 1980) were suggested to originate in the BLR, from the
same gas observed to be providing partial-covering absorption of the X-ray source.
Ginga (launched by Japan in 1987) provided a large area proportional counter yield-
ing good AGN spectra over the range 2−30 keV, whose data established FeKα fluores-
cence emission to be a common property of local Seyfert galaxies (Pounds et al. 1989,
1990; Matsuoka et al. 1990; Nandra and Pounds 1994). Seyfert galaxies were detected
at energies as high as 20 keV, and the detection of spectral hardening above 10 keV
(Nandra et al. 1989; Piro et al. 1990; Matsuoka et al. 1990) and deep FeK edge were
consistent with an origin in neutral gas and supported the picture of a strong con-
tribution from a reprocessed X-ray component. Various origins were discussed for the
FeKα line, including the putative molecular torus, the BLR clouds and the accretion
disk. In addition to the earlier suggestions of an origin in BLR clouds, a contribution
was suggested from reflection off Compton-thick material out of the line-of-sight. The
predicted Compton reflection component seemed consistent with some observed at-
tributes of Seyfert galaxies (e.g. Guilbert and Rees 1988; Lightman and White 1988;
George and Fabian 1991; Matt et al. 1991). Several physical origins of the Compton-
thick material were suggested, including the accretion disk (Pounds et al. 1990) and
the molecular torus (Krolik and Kallman 1987). However, the predicted spectra of
AGN with partial-covering absorbers also provided a good explanation of the data
(Matsuoka et al. 1990; Piro et al. 1990, 1992). Celotti et al. (1992) expanded on the
Guilbert and Rees (1988) treatment of clouds by consideration of magnetic confine-
ment, finding clouds in the density regime 1017 − 1019cm−3 could survive the in-
tense irradiation likely to be experienced near the black hole. The hard-band prop-
erties of AGN were confirmed by missions such as the Rossi X-ray Timing Explorer
(a proportional counter mission) and the Italian mission BeppoSAX (featuring pro-
portional counters and a collimated Phoswich detector system giving a total overall
bandpass 0.1–300 keV), although the ambiguity between Compton-thick reflection and
complex absorption remained unresolved (e.g. Matsuoka et al. 1991). Ginga spectra
also showed absorption edges from ionized species of Fe (xxiv-xxvi) in about 50% of
Seyfert spectra (Nandra and Pounds 1994), indicating that a significant column den-
sity (NH ∼ 10
23 cm−2) of very highly ionized material exists in these nuclei (a discovery
that was to be confirmed by later grating observations).
The German-led Roentgensatellit, ROSAT, was launched in 1990, carrying a tele-
scope of high spatial resolution with focal plane instruments covering the soft X-ray
band. Individual absorption features were found in the Position-Sensitive Propor-
tional Counter (PSPC) spectra covering the 0.1–2 keV regime, including detection of
an absorption feature at 0.8 keV in MCG–6-30-15 (Nandra and Pounds 1992). Several
other bright Seyfert I galaxies had sufficiently strong individual features that distinct
zones of ionized gas could be isolated (e.g. Nandra et al. 1993; Turner et al. 1993a,b;
Pounds et al. 1994; Ceballos and Barcons 1996). Most individual features detected us-
ing ROSAT were interpreted as a blend of Ovii739.3 eV and Oviii871.4 eV bound-free
edges. The soft absorption feature in MCG–6-30-15 was sufficiently well defined that
it could be monitored and showed variations that indicated changes in absorbing gas
opacity on timescales from about a day to weeks (Fabian 1994; Reynolds et al. 1995;
Otani et al. 1996). As the mission progressed, further AGN observations confirmed the
importance of ionized gas in Seyfert galaxies (e.g. Mihara et al. 1994; Ptak et al. 1994;
Weaver et al. 1994; Yaqoob et al. 1994; Guainazzi et al. 1994). ROSAT observations of
narrow-line Seyfert 1 galaxies showed some cases of extremely large amplitude variabil-
ity, apparently exceeding what might be reasonably expected from variable continuum
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processes (Boller et al. 1997; Brandt et al. 1999) and arguably favoring X-ray absorp-
tion changes as the origin of the observed flux range. Motivated by such striking evi-
dence for the importance of absorption variability in AGN, Abrassart and Czerny (2000)
investigated how X-ray variability might be shaped by clouds partially covering the con-
tinuum, finding that random rearrangements of the cloud distribution could produce
large amplitude variations on timescales of 102 − 106s.
The launch of the Japanese Advanced Satellite for Cosmology and Astrophysics,
ASCA, (Tanaka et al. 1994) in 1993 offered a significant improvement in spectral res-
olution with the first flight of CCDs on an X-ray observatory. The CCDs formed the
Solid-State Imaging Spectrometers (SIS) (Burke et al. 1993) and offered the valuable
combination of improved spectral resolution (∆E/E ≃ 2% at launch) and improved
detector sensitivity with low detector background. While imaging optics had been in
use for several years, ASCA was the first observatory allowing imaging in the hard
X-ray regime. ASCA also carried a pair of gas imaging spectrometers (GIS) of lower
spectral resolution. The SIS and GIS allowed determination of the X-ray background
in an offset region of the detector (clear of target source photons), simultaneous to the
accumulation of source counts. Prior to ASCA, hard-band detectors had relied on the
use of non-simultaneous background determination, measurements made in a differ-
ent detector part or the use of background models. The SIS CCDs allowed separation
of some strong lines and edges that had previously been unresolved in proportional
counter spectra, with the potential for constraining the shapes of very broad features.
Of particular interest was the possibility of measuring strong distortions (blurring)
of the FeK emission line contributions produced within about 20 rgof the black hole,
provided the line was strong and not confused with other spectral signatures. Indeed
a strong spectral curvature around 6 keV was observed in many Seyfert galaxies and
an interpretation made as an Fe K emission line, heavily broadened and redshifted by
relativistic effects close to the event horizon (Tanaka et al. 1995; Nandra et al. 1997;
Fabian et al. 2000). If one could be sure of the identification of this spectral component
then a wealth of diagnostics could be obtained regarding the black hole and accretion
disk (Fabian et al. 2000; Reynolds and Nowak 2003). The ambiguity of interpretation
of X-ray spectra continued to be an issue however; blurred reflection, unblurred reflec-
tion and models of complex absorption all fit the mean spectra of AGN at a statistically
similar level (e.g. Gondoin et al. 2001; Reeves et al. 2004; Turner et al. 2005).
ASCA performed some long observations that revealed spectral variability in both
the overall observed shape and in individual features. For example, the absorbing
gas in MCG–6-30-15 was confirmed to be variable by tracing changes in the O edges
first observed using ROSAT. ASCA data showed the depth of the Oviii edge to be
anti-correlated with continuum flux, while the Ovii edge appeared unresponsive to
variations in continuum flux. Otani et al. (1996) suggested that the absorber must be
composed of at least two distinct gas zones, one of which has a significant recom-
bination time (see also Orr et al. 1997). Towards the end of the 1990s a sufficient
number of objects had been observed by ASCA and BeppoSAX that sample studies
could start to address the overall absorption properties of AGN. George et al. (1998)
and Reynolds (1997) agreed that about 60% of Seyfert I galaxies exhibited soft X-
ray spectral features consistent with ionized gas having NH ∼ 10
21 − 1023 cm−2 and
ξ ∼ 10 − 50 erg cm s−1. Nandra et al. (1997) discussed the hard X-ray properties of
Seyfert 1 galaxies concentrating on the apparent profile of the Fe Kα line and dis-
cussing that in the context of blurred reflection models. Turner et al. (1997) discussed
the X-ray parameters of Seyfert 2 galaxies, finding some surprising similarities between
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Seyfert type 1 and 2 AGN with regard to hard X-ray variability and to the structure
in the Fe K regime.
In light of the growing evidence for the importance of ionized gas in AGN sys-
tems, some authors revived the idea that partial-covering can explain observed spectral
shapes and variability in AGN (Section 7.2). ASCA obtained data for key sources such
as MCG–6-30-15, where Inoue and Matsumoto (2003) concluded that a significant part
of the broad feature observed between 5–7 keV was the result of the superposition of
ionized absorbers: this result was supported by analysis of the r.m.s. variability of the
Fe line band compared with the rest of the spectrum (Matsumoto et al. 2003).
It is obvious that leaps in understanding have come from each new development
in instrumentation. The early proportional counters provided low spectral resolution
and often limited spatial resolution together with a need to take non-simultaneous
background measurements. CCDs allowed some measure of the ratios and variability
of broad and strong spectral features, although the detection of narrow features such
as resonance lines was impossible. The next big steps came with the advent of grating
spectrometers, as we discuss in the next section.
5 Current Observatories
In 1999 two new satellites were launched, the Chandra X-ray observatory and XMM-
Newton, offering major steps forward in observational capabilities. With these missions
the X-rays incident upon the grating instruments were dispersed on to sufficiently
sensitive detectors that grating-resolution AGN spectra could be accumulated with
useful signal, for the first time.
5.1 Chandra
The Chandra X-ray observatory carries high-resolution optics, providing 0.5′′ spatial
resolution on-axis (an order of magnitude improvement over the best previous mis-
sions). Chandra provides the High Energy Transmission Grating (HETG) comprising
two grating assemblies - the High Energy Grating (HEG) and the Medium Energy
Grating (MEG), calibrated to an absolute wavelength accuracy about 100 km s−1.
HEG provides spectral resolution FWHM ∆λ = 0.012 A˚ and calibration accurate to
0.006 A˚ across its effective energy range (0.8–8.5 keV/16–1.5 A˚), approximately twice
as good as that of the MEG which has FWHM ∆λ ≃ 0.023 A˚ and calibration accurate
to 0.011A˚ over 0.5–7 keV (25–2 A˚). HEG has a higher effective area than the MEG
above about 6 keV and is the only grating for which useful data can be accumulated in
the FeK region. Specifically, HEG provides energy resolution FWHM≃ 40 eV, equiv-
alent to a velocity resolution about 1900 km s−1 at 6.4 keV, a factor of 4 improvement
over the ASCA CCDs’ best period of performance. The Chandra Low Energy Trans-
mission Grating (LETG) is a single grating assembly that complements the HETG
by providing grating data to very soft energies with ∆λ = 0.05 A˚ covering the 0.07–
6.0 keV/175-2 A˚ regime. Events dispersed by the gratings are collected by a focal plane
detector and can be assigned an energy based on the position along the dispersion axis.
The Advanced CCD Imaging Spectrometer (ACIS) comprises one focal plane instru-
ment for Chandra. ACIS has two CCD configurations, ACIS-S and ACIS-I optimized
for spectroscopy and imaging, respectively. A micro-channel High Resolution Counter
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Fig. 3 NGC3783, summed data from a 900 ks Chandra HETG observation. The combined
MEG and HEG first-order spectrum has been binned to 0.01 A˚. Each data point has an
error bar representing its 1σ uncertainty. The H-like and He-like lines of the identified ions are
marked in red and blue, respectively. Lines from other ions (lower ionization metals and Fexvii,
Fexxiv) are marked in green. For each H-like or He-like ion the theoretically expected lines are
plotted up to the ion’s edge (not all lines are identified in the data). The ions’ lines are marked
at their expected wavelengths in the systemic rest frame of NGC3783, and the blueshift of
the absorption lines is noticeable. From Kaspi et al. (2002): reproduced by permission of the
AAS.
(HRC) provides alternative focal plane instrumentation. While grating spectra can be
dispersed onto either of the Chandra focal plane detectors, the usual configuration
is to disperse HETG onto ACIS-S, whose CCDs are configured in a line suitable for
the dispersed spectrum. Since the ACIS CCDs have intrinsic energy resolution, back-
ground events can be rejected with high efficiency, and different spectral orders can be
discriminated easily, making ACIS-S a highly desirable focal plane detector choice for
use in grating observations that do not require the very soft response of the LETG.
The LETG grating data are dispersed onto the HRC or ACIS detector. The physical
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dimensions of the HRC can accommodate the large dispersion suffered by the softest
photons (photons below 0.2 keV are dispersed off the edge of the ACIS-S array).
5.2 XMM-Newton
The XMM-Newton observatory has a pair of gratings that comprise the Reflection
Grating Spectrometer (RGS) (den Herder et al. 2001), dispersing onto arrays of fo-
cal plane CCDs, providing a resolution FWHM≃ 2.9 eV at 1 keV, or ∆λ ≃ 0.07 A˚ .
The absolute wavelength calibration for the RGS is 0.008A˚ equivalent to 100 kms−1
at about 0.5 keV. XMM-Newton also carries both metal oxide semi-conductor (MOS)
and pn-CCDs covering 0.5–10 keV with energy resolution FWHM≃ 130 eV at 6 keV,
and FWHM≃ 55 eV at 1 keV, with throughput comparable to the previous CCD in-
struments on board ASCA. Useful RGS data can be accumulated over the range 0.4–
2.0 keV/31–6 A˚: data below 0.4 keV are not used because of a detector feature, and
above 2.0 keV the effective area is very low. Although offering a lower spectral reso-
lution than the Chandra gratings, RGS gratings offer greater effective area over this
range then either HETG or LETG.
The choice of grating instrument for a given scientific observation is a complex
function of anticipated source flux, spectrum and scientific objective. These grating
detectors provide unprecedented resolution for many key diagnostic lines. Soft-band
spectroscopy gained almost two orders of magnitude improvement in spectral resolu-
tion in the 0.5–1 keV regime, with He-like triplets of O and Ne becoming resolvable.
Despite improvements in throughput, it is still the finite signal-to-noise that provides
the limiting factor in error determination for many astrophysical features. The poten-
tial of existing gratings is arguably best illustrated by the 900 ks HETG exposure on
NGC 3783, the deepest single AGN exposure to date with a grating detector (Figure 3);
this dataset yielded more than 100 detections of absorption lines (Kaspi et al. 2002).
5.3 Suzaku
Complementing the grating facilities is the Japanese-led Suzaku mission launched
in 2005. Suzaku (Mitsuda et al. 2007) carries four X-ray telescopes that each focus
X-rays on to a CCD forming part of the X-ray Imaging Spectrometer array (XIS)
(Koyama et al. 2007) . XIS CCDs 0, 2 and 3 are front-illuminated (FI) and cover about
0.6 − 10.0 keV with energy resolution FWHM≃ 120 − 150 eV at 6 keV. Use of XIS2
was discontinued after 2006 November because of a charge leak that occurred. XIS1
is a back-illuminated CCD with an enhanced soft-band response (down to 0.2 keV)
compared to the FI units, but lower area at 6 keV than the FI CCDs as well as a
larger background level at high energies. Suzaku also carries a non-imaging, collima-
tor Hard X-ray Detector (HXD, Takahashi et al. 2007) made from silicon PIN diodes,
providing useful AGN data typically over 15–70 keV, and a GSO well-type Phoswich
counter, providing data over about 75–165 keV for the handful of AGN bright enough
to be detected. The hard X-ray detector has a significantly lower background level
than the previous BeppoSAX PDS instrument over most of its bandpass, and so the
simultaneous XIS and PIN data obtained during a Suzaku observation have allowed
some exciting new insight into AGN.
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Suzaku also carries the now non-functioning X-ray calorimeter XRS-2, this was the
first X-ray calorimeter to achieve orbit on a satellite. Calorimeters are highly desirable
X-ray detectors because they can achieve excellent spectral resolution across a broad
bandpass by converting the absorbed energy of incident X-ray photons into heat. The
detectors are low heat-capacity absorbers, cooled to very low temperatures, about
0.1K, and coupled to heat detectors (thermistors or Transition Edge Sensors). XRS-2
would have provided both high resolution and high throughput in a single instrument
with resolution better than 6 eV across its bandpass. Unfortunately a problem with
the instrument vent configuration rendered XRS-2 inoperable after a few days in orbit.
This failure followed a previous loss of the XRS-1 calorimeter along with the entire
ASTRO-E satellite, which failed to achieve orbit after a problem with the first stage
rocket.
New results from Chandra and XMM-Newton and Suzaku have opened up our
understanding of AGN and we now review some of the recent developments and their
implications.
6 Recent Observational Results
6.1 Absorption in a new regime
At the turn of the millennium, ionized “warm absorbers” had been established as com-
monly occurring in AGN, with multiple zones detected across the source population,
covering a range of ionization and showing variability on relatively short timescales
(Section 4). AGN spectra were revealed to be complex when observed at grating reso-
lution. As UV spectroscopy had already shown AGN to possess kinematically-complex
absorption, the richness of the X-ray absorbers was no surprise. In the longest grat-
ing exposures several ionization zones of gas could be discerned in a single source (e.g.
Kaspi et al. 2002; Steenbrugge et al. 2005). In one case, NGC3783, Netzer et al. (2003)
and Krongold et al. (2003) discussed the observed complexity in the context of several
phases of absorbing gas having distinct temperatures and ionization states (see also
Behar et al. 2003); this is the most common approach to modeling AGN spectra. In an
alternative treatment, Gonc¸alves et al. (2006) modeled the data using a single medium
in total pressure equilibrium; this showed a stratification of ionization structure yielding
multiple temperature components within the cloud without a need to invoke separate
absorber regions (although if zones are found to be kinematically distinct such a picture
would need to be modified).
Grating spectra allowed separation of lines that had been unresolved using CCDs.
Broader features such as radiative recombination continua could be measured (or fit)
for the gas temperature; the components of some He-like triplets (O, Ne) could be
separated and component ratios used as a temperature and density diagnostic. The
gas temperatures indicated for the line-emitting gas were generally in the million-K
regime based on soft-band absorption lines. An improved ability to identify individual
lines also led to better estimates of gas kinematics, showing outflow velocities covering
the range hundreds to thousands of km s−1 (Kaspi et al. 2002; Krongold et al. 2003;
Blustin et al. 2005; McKernan et al. 2007; Blustin et al. 2007). The detection of some
unresolved transition arrays (Sako et al. 2001; Krongold et al. 2005; Smith et al. 2007)
and possible detection of dust absorption edges (Lee et al. 2001) also implied the iden-
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Fig. 4 Model of the high-ionization warm absorber fitted to the spectrum of NGC3783 by
Reeves et al. (2004). The model line shows the imprint of a column of gas having log ξ ∼ 3
and NH ∼ 5× 10
22 cm−2 over a smooth Γ = 2 powerlaw continuum. The curvature is due to
high ionization K-shell edges and lines from Mg, Si, S, as well as from the L-shell and K-shell
of Fe. Figure reproduced from Reeves et al. (2004) by permission of the AAS.
tification of cool and dusty zones of the absorber complex, previously difficult to dis-
tinguish from absorption edges and broadened emission lines.
In addition to the detailed diagnostics of known gas layers, new observations by
Chandra and XMM-Newton revealed that X-ray absorbers extend into a previously
poorly-explored regime of high column density, high ionization gas. Deep K-shell ab-
sorption lines were found in grating and CCD spectra from very highly ionized species
of Fe. The detection of a strong absorption line from highly ionized Fe in a long XMM-
Newton observation of NGC 3783 (Reeves et al. 2004) confirmed the suggestion of Fe
xxv absorption made in Chandra data (Kaspi et al. 2002). The absorption line showed
variability in equivalent width over days, being strongest when the continuum level was
highest. In the case of NGC 3783 the absorption line was found to be consistent with
an origin in gas having log ξ ≃ 3 and NH ≃ 5× 10
22 cm−2, likely existing about 0.1 pc
from the nucleus. An interesting consequence of the high-ionization warm gas is that a
large part of the curvature in the FeK regime was accounted for by this zone, reducing
the requirement for a relativistically blurred disk-line in the source (Figure 4).
Further examples of the presence of a highly-ionized X-ray absorber showed up
in other long AGN exposures. Young et al. (2005) using Chandra HEG data, and
Miniutti et al. (2007) in Suzaku data found lines at 6.7 and 6.9 keV in MCG–6-30-15
most likely identified with Fexxv and Fexxvi, with outflow velocity about 1800 km s−1,
supported by detection of Sixiv and Sxvi (Young et al. 2005).
In analysis of XMM-Newton data from NGC 1365, Risaliti et al. (2005) described
four absorption lines in the observed range 6.7–8.3 keV, identified as Fexxv and Fe
xxvi Kα and Kβ lines from gas outflowing at 1000–5000 kms−1. This velocity range
was interesting, being somewhat higher than that typical for the lower-ionization gas
detected in the soft-band. Risaliti et al. (2005) found the absorption lines to have high
equivalent widths (about 100 eV) and these, combined with the ratio of strengths of the
23
3×105 3.2×105 3.4×105 3.6×105
0
1
2
co
u
n
ts
/s
Time  (s)
3×105 3.5×105 4×105
10
−
11
2×
10
−
11
3×
10
−
11
2−
10
 k
eV
 F
lu
x 
/ e
rg
 c
m
−
2  
s
−
1
Time (s)
Fig. 5 A close-up view of the deep dip section of the light curve of: left) MCG–6-30-
15 revealing the symmetric structure in the dip during an ASCA observation from 1994
July. SIS0 data are shown, binned at 512 s. The solid line is the predicted light curve
based on a uniform cloud occulting a bright continuum point source situated within a
ring of lower intensity extended emission. Figure courtesy of Tahir Yaqoob, based on the
analysis of McKernan and Yaqoob (1998); right) NGC3516, showing the data discussed by
Turner et al. (2008)
lines, implied the absorbing gas to have a column density about 5× 1023cm−2 and to
reside about 50–100 rg from the central source. In a follow-up campaign using Chandra
the data showed variations consistent with an occultation by a Compton-thick cloud
crossing the line-of-sight of the X-ray source. In the context of the occultation model
the source was estimated to be less than 1014 cm in extent and residing within 1016
cm of the nucleus (Risaliti et al. 2007).
Mrk 766 also shows strong absorption features, observed at 6.9 and 7.2 keV: in this
case an explanation as FeKα and FexxviLyα absorption is appealing, as a single out-
flow velocity of 13,000 kms−1 then fits both features (Miller et al. 2007). Similarly to
the case of NGC1365, a very high column density NH > 10
23cm−2 and high ionization,
log ξ >∼ 2, was found for the absorbing gas.
Analyzing NGC3516, Turner et al. (2005) discovered a high-column absorber with
NH ∼ 10
23cm−2 and log ξ ∼ 2, covering about 50% of the continuum source. Data
from a joint XMM-Newton/Chandra campaign during 2006 showed that changes in
covering fraction of the high-column absorber could explain the spectral variability
observed in this source (Turner et al. 2008). Intriguingly, a deep dip in flux showed a
complex but well-defined and symmetric flux profile that was similar to that observed
in ASCA data from MCG–6-30-15 (McKernan and Yaqoob 1998, Figure 5). The dip
profiles could be explained as an eclipse of the continuum by a cloud moving across the
sight-line (McKernan and Yaqoob 1998; Turner et al. 2008). If an occultation origin for
such deep dips could be proved then the potential would be enormous: the angular size
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of black hole event horizons is ∼ 10−6 arcsec for the nearest AGN, so imaging of these
systems is not possible in the foreseeable future, however, using the occultation event in
MCG–6-30-15, McKernan and Yaqoob (1998) effectively mapped the nuclear regions
on a size scale of ∼ 10−7 arcsec. Such angular scales may otherwise only be probed by
analysis of micro-lensing events (Chartas et al. 2004, 2008). For NGC 3516, the XMM-
Newton data showed that an additional gas zone was evident at a similar column
density to that responsible for the spectral variability, but with higher ionization, log
ξ ∼ 4, producing deep absorption lines from the K shell of Fexxv and Fexxvi ions
(Turner et al. 2008).
As existing AGN observations cover a wide range of signal-to-noise ratio it is too
early to make a definitive assessment of the occurrence rate of these high column X-
ray absorbers with NH ∼ 10
23 − 1024cm−2 and having Fexxv and Fexxvi as the
dominant ions. However, as these lines have shown up in a number of well-exposed
AGN observations, the gas, with typical outflow velocities of a few to many thousand
kms−1, appears common in local AGN.
In addition to the strong observational effects attributed to changes in gas covering
and/or opacity, any circumnuclear gas must respond to changes in its local ionizing
continuum.Whether ionization changes can be observed depends on not only the signal-
to-noise of the data but also whether the gas lies in a regime where changes in the
illuminating continuum produce an observable change in the gas state. Some results
have been published in this regard, with Kraemer et al. (2005) finding changes in the
X-ray absorbers of NGC4151 consistent with a response of the gas to changes in the
ionizing continuum. Also, Netzer et al. (2002) found evidence for a response of the
absorbing gas to continuum variations in NGC3516 (see also Netzer et al. 2003).
Some sources show evidence for extremely high velocities in the outflowing gas.
Outflows seem often to be associated with the more luminous AGN, and typically have
velocities in the range 0.1–0.2 c (Reeves et al. 2008). RXTE data for PDS 456 first
showed a very deep FeK edge revealing the existence of a column of gas with NH ∼ 5×
1023cm−2 and log ξ ∼ 2.5 in the source. A later XMM-Newton observation allowed a de-
termination of an outflow velocity of 50,000 kms−1 (Reeves et al. 2003). Most recently,
a long Suzaku observation has resolved the deep absorption feature into absorption lines
from Fexxv and xxvi yielding a revised estimate for the flow velocity of 0.25–0.3 c.
Other early reports of such features included APM 08279+5255 (Chartas et al. 2002),
PG 1115+80 (Chartas et al. 2003), PG 1211+143 (Pounds et al. 2003), IRAS 13197–
1627 (Dadina and Cappi 2004), Mrk 509 (Dadina et al. 2005), IC 4329A (Markowitz et al. 2006)
and MCG–5-23-16 (Braito et al. 2007). Further to these outflows, high-velocity inflows
have been suggested to explain apparent redshifted resonance absorption lines detected
in some sources (e.g. Mrk 335, Longinotti et al. 2007; Mrk 509, Dadina et al. 2005;
E1821+643, Yaqoob and Serlemitsos 2005) with velocities in the range 0.1–0.4 c (see
Reeves et al. 2008, and references within).
Not just restricted to the X-ray data, high velocity outflows are a well-known
general phenomenon in AGN, being observed unambiguously in optical and ultra-
violet spectra, especially in broad absorption line quasars (e.g. Weymann et al. 1991).
The general existence of significant outflows is also implied by the existence of jets
in AGN (e.g. Axon et al. 1989), although we likely need to make a distinction be-
tween the highly collimated jet outflows and possible wind-type outflows with wide
opening angles (e.g. Pounds and Reeves 2008). However, the X-ray results remain con-
tentious, with some authors claiming a possible correlation between the cosmological
recession velocity of the AGN and the absorption outflow velocity for a number of
25
Fig. 6 Left: Data used for the principal components analysis of Mrk 766, from XMM-Newton,
averaged into five logarithmically spaced flux states based upon the 1–2 keVflux, and ratio-ed
to a power-law of photon index Γ = 2 with unit normalization, illustrating how the source
hardens to low fluxes, behavior typical of Seyfert galaxies. Based upon data and analysis pre-
sented by Miller et al. (2007). Right: Principal component spectra of Mrk 766, 0.4–10 keV. The
first, varying, principal component is the upper line (red), the possible range of an unvarying
zero-point spectrum is shown by the lower set of spectra (blue). For clarity, error bars are only
plotted on every fifth spectral point on both panels.
sources (McKernan et al. 2005), suggesting the absorbers have an origin in local gas,
particularly since some of the sources in question lie behind the local hot bubble of gas
known as the Northern Polar Spur. Countering these arguments, Reeves et al. (2008)
calculate that the variability observed in PG1211+143 over 4 years shows the absorber
to be too compact, and the surface brightness of the gas too high, for the observed
absorption signature to arise in local gas; furthermore, Reeves et al. (2008) contend
that the velocity coincidence observed in PG 1211+143 does not extend to other AGN.
Finally, claims have been made that some of the detections of narrow absorption (and
emission) lines are not statistically significant and we return to that issue in Section 6.5.
6.2 Broad-band spectral variability
While the existence of spectral curvature in the 2 − 8 keV regime, dubbed the “red
wing”, was confirmed by XMM-Newton, Suzaku and Chandra data (Wilms et al. 2001,
Vaughan and Fabian 2004, Miniutti et al. 2007, Nandra et al. 2007), it has continued
to prove difficult to make a convincing distinction between models dominated by either
complex absorption or blurred reflection to explain how that curvature arises (c.f.
Miniutti et al. 2007, Miller et al. 2008).
The most progress has come from consideration of the spectral changes that occur
in these sources over timescales as short as tens of ks (e.g. Miller et al. 2007, Figure 6).
Local AGN commonly show a systematic hardening as a source dims to a low flux level
(e.g. Papadakis et al. 2002; Pounds et al. 2004a,b; Vaughan and Fabian 2004; Miller et al. 2007,
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2008; Turner et al. 2008). As significant spectral variability occurs on much shorter
timescales than a typical observation duration, the commonly-fitted mean spectrum is
actually a superposition of source spectra from differing states. Fitting to mean spectra
alone misses key information. Worse, if source variations are non-additive, such as in
the case of variations caused by varying opacity, then fitting to the mean spectrum is
unlikely to give a good representation of the physical construction of these systems.
A simple method to address the problem is to take time- or intensity-selected
spectra to try to isolate the physical origin of the spectral variations. When sufficient
photons have been accumulated, one can examine the flux correlations at different
energies and look for the spectral forms of the smallest number of spectral components
that can be used to describe the data.
More versatile than time-resolved spectroscopy, a powerful mathematical tool used
to analyze systematic variations is principal components analysis (PCA). Its use in
analysis of AGN X-ray spectra, albeit with low energy resolution, was first demon-
strated by Vaughan and Fabian (2004), who showed that MCG–6-30-15 could be de-
scribed by a constant hard component and a variable softer one. The steady spec-
tral component carries the so-called red wing, showing that component to be sur-
prisingly constant in amplitude while the observed continuum flux varies, contrary
to the line/continuum correlation that would be expected if the line is produced
very close to the continuum source. This behavior has been addressed with mod-
els that invoke variable light-bending effects driven by variations in the height of
the continuum source above the disk (Fabian and Vaughan 2003; Miniutti et al. 2003;
Miniutti and Fabian 2004). In the light-bending model, as the continuum source moves
closer to the disk and black hole, general relativistic effects become more pronounced
and some of the photons that were previously able to reach the observer instead ar-
rive at either the disk surface or the black hole. For appropriate choices of height and
range in height of the source, the fractional change in the primary source intensity
viewed by the observer can be significant with the fractional change in the disk re-
flection intensity remaining relatively small (Miniutti et al. 2003). In this model, the
continuum variations seen by the observer are thus primarily due to the effect of the
moving source of X-ray continuum. For the effect to be isotropic, a ring-like structure
for the illuminating source could be envisaged (Miniutti et al. 2003). The model has
been applied to explain the variable spectra of a number of sources, including MCG–
6-30-15 (Miniutti et al. 2003, 2007). The interpretation of the observed hard spectral
component as blurred reflection requires significant contributions from within 6 rg in
order to obtain a component that extends to low enough energies to fit the data, a
result that has been used to infer that the black hole in MCG–6-30-15 is spinning (e.g.
Brenneman and Reynolds 2006).
Miller et al. (2007) address the problem in standard PCA applied to X-ray spectra
where the number of data slices (often limited by the requirement of having adequate
signal-to-noise in each data slice) is less than the number of energy intervals (de-
termined by instrument energy resolution) and consequently the covariance matrix is
singular and the eigenvectors are not uniquely defined. In this case the leading eigenvec-
tors may be extracted using Singular Value Decomposition (SVD) (Press et al. 1992)
and employment of this technique led to extraction of the leading eigenvectors at the
full instrument resolution. Application of PCA with SVD was performed on Mrk 766
(Miller et al. 2007) yielding a spectral decomposition into a variable amplitude power-
law of slope Γ ≃ 2.4 with a modestly broadened ionized component of FeK emission
superposed on this (Figure 6). The data showed a correlation of the flux in the contin-
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uum and Fe line with no detectable lag (Miller et al. 2006). This result was supported
by apparent variations in the peak energy of the ionized line component. The energy
variations, lack of lag and the width of the ionized emission line are all consistent with
the line being produced at around 100 rg. Another line response to continuum was
seen as a one-time event in MCG–6-30-15 where Ponti et al. (2004) found evidence for
a FeKα component that appeared 3000 s after one strong continuum flare, suggest-
ing some contributions to the observed emission line may come from regions located
close to the continuum source (< 240 rg) but outside the regime where light-bending
effects are significant. In the analysis of Mrk 766, Miller et al. (2007) found in addition
a hard-spectrum, less time-variable component that could be fit either as a blurred
reflector, unblurred reflection from an ionized wind or absorption from a disk wind
whose variable covering of the power-law explained the spectral variability observed.
While the decomposition of X-ray data had isolated the variable spectral component,
the interpretation of this ‘steady’ component was still unclear.
Turning to analysis of the well-studied source MCG–6-30-15, Miller et al. (2008)
compiled all the best long-exposure, high-quality data, obtained from 522 ks with Chan-
dra HETG, 282 ks with XMM-Newton EPIC-pn/RGS and 253 ks with Suzaku XIS/PIN
and decomposed the spectral variations using the SVD-PCA. The Miller et al. approach
was to make the spectral decomposition and then fit the variable and steady compo-
nents as for Mrk 766. The model for the variable component was found to be a simple
power-law Γ ≃ 2.3 covered by the complex warm absorber. The warm absorber in
MCG–6-30-15 has long been known to consist of at least three zones of ionized gas
whose signatures are seen in grating observations (Lee et al. 2001; Turner et al. 2003,
2004a). In modeling the hard component it was found that a variable partial-covering
zone of absorption plus absorbed low-ionization reflection (distant from the source) re-
sulted in a full model that fits all flux states of the data over its entire observed energy
range. The construction of this model was different to that of Young et al. (2005) in
allowing some of the ionized absorption to have a covering fraction < 1: the spectral
shape is then reproduced by gas of intermediate ionization, log ξ <∼ 2, and consequently
the absorption model of Miller et al. does not predict the resonance FeKα absorp-
tion lines at 6.5 keV that Young et al. had previously suggested would be expected
if absorption does cause the red wing. In the Miller et al. model, the relative lack of
variation of the red wing is an artifact of variation in the partial covering fraction of
the absorber.
Seyfert behavior is sometimes complicated by the observation of spectral changes
within the lowest flux states. Reynolds et al. (2004) interpreted spectral variations dur-
ing the low state for MCG–6-30-15 as correlated changes between the line and contin-
uum and explained the lack of correlated behavior at higher fluxes as due to a saturation
of line production beyond a critical continuum level. It has been suggested that such
complex low-state behavior could be expected either from patchy ionization of the disk
surface (Reynolds and Wilms 2000) or in light-bending models if the continuum source
is located close to the axis of spin for the black hole (Miniutti and Fabian 2004). In
the alternative absorption models, behavior within the low-states may be explained
either as opacity or ionization changes in the absorbers or as systematic evolution in
the relative sizes of the source and the absorbing structure (Miller et al. 2008).
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6.3 Hard X-ray spectra
Interestingly, fluxes observed above 10 keV often exceed those expected from reflec-
tion from the surface of a disk subtending 2pi steradians to a continuum source.
Relative reflection strengths in the range 2<∼R
<
∼ 4.8 are inferred in MCG–6-30-15,
(e.g. Ballantyne et al. 2003; Miniutti et al. 2007). Ballantyne et al. (2003) proposed a
model of double reflection to explain both the spectrum around the FeKα line and the
high R value. The light-bending model, by design, enhances the reflected component
over that expected in the absence of relativistic aberration and thus is constructed to
produce enhanced R values. Other explanations for the relative lack of variability of
the “red wing” (e.g. Merloni et al. 2006, Nayakshin and Kazanas 2002, Z˙ycki 2004) do
not naturally explain the high R values, although it is possible that deeply-embedded
emission hotspots in an inhomogeneous disk might be able to produce such an effect.
For NGC4051, reflection models yielded R ∼ 7 (Terashima et al. 2008). Light-
bending models appear not to work for this source as they cannot simultaneously
account for the high R value and the weak FeKα emission, leading Terashima et al. to
conclude that partial-covering absorption is required. Attempts to model the spectrum
of Mrk 335 also required R ∼ 2.8 (Larsson et al. 2008).
An observed feature of the hard-band flux is that it appears less variable than
the 2–10 keV flux (Miniutti et al. 2007), consistent with having a joint origin with the
steady red wing. In the blurred reflection explanation this is consistent with the light-
bending model. In absorption-dominated models the inference would be that much of
the 2–10 keV band variability is caused by variations in absorption, with the steady
continuum source being relatively unaffected by absorption above 10 keV.
A Suzaku observation of 1H 0419–577 appears to provide a rare case of a distinction
between models. A marked ‘hard excess’ of counts was detected in the PIN data relative
to the predicted flux based on model fits below 10 keV. The Suzaku data can be fit using
an absorption-dominated model but not with any reasonable blurred reflection model.
The detailed fits show that Compton-thick partial-covering gas must exist in 1H 0419–
577 (Turner et al. 2009, ApJ in press). This result supports the earlier contention
that partial-covering shapes the observed spectrum and much of the flux variability
in 1H 0419–577 (Page et al. 2002; Pounds et al. 2004a,b). Considering the broad-band
properties of 1H 0419–577, the source is consistent with spectral modification by a
clumpy disk wind that provides the X-ray absorption from gas residing at radii inside
or comparable to the radius of the optical/UV BLR. Importantly, the observed FeKα
line luminosity is consistent with an origin in an equatorial disk wind in that case
(Turner et al. 2009).
The luminous AGN PDS 456 also exhibits a hard excess (at the 3σ level) that simi-
larly can be explained only by partial-covering models (Reeves et al. 2009, submitted).
These two sources provide the first strong evidence for Compton-thick partial-covering
gas in type 1 AGN and show that the intrinsic luminosity of such sources is under-
estimated significantly when based on data below 10 keV. The Swift BAT survey has
discovered many new AGN based on their flux above 10 keV, suggesting that there may
be a much higher fraction of heavily absorbed sources in the AGN population than pre-
viously known (Tueller et al. 2008). Further study of these absorbed AGN should give
us a much better understanding of the properties of the absorbing gas in accreting
systems.
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6.4 Origin of the soft excess
The soft X-ray spectra of AGN often show a marked rise in flux below about 1 keV,
the so-called ‘soft excess’, relative to the downwards extrapolation of the higher energy
spectrum (Arnaud et al. 1985; Turner and Pounds 1989). Such excesses are particu-
larly prevalent in narrow-line Seyfert 1 galaxies (Boller et al. 1996). While AGN have a
soft-band contribution from extended emission (binaries, hot gas and in Seyfert type 2
a few percent of scattered nuclear radiation), this is observed at a low flux level and
typically comprises only a few percent of the soft-band flux: the soft excess discussed
here is not dominated by those extended components.
Historically, the soft excess has often been fit using a black body model, yielding
best-fit temperatures in the range 0.1–0.2 keV (Walter and Fink 1993; Czerny et al. 2003).
Although the temperature of the soft excess is too high to be direct emission from the in-
ner disk (unless photon trapping is invoked, see Abramowicz et al. 1988; Mineshige et al. 2000),
it could represent Compton-scattered disk photons (e.g. Czerny and Elvis 1987). How-
ever, Gierlin´ski and Done (2004) fit models representing a Compton-scattered disk
component to a sample of AGN, finding a surprisingly narrow range of temperatures
for sources covering such a large range (106 − 108M⊙) in mass.
Grating data have clearly shown strong emission and absorption features in the soft
X-ray spectra of most AGN, these arise in the warm absorber and other circumnuclear
reprocessors in and out of the line-of-sight. As discussed by Gierlin´ski and Done (2004),
the imprint of strong spectral features such as Ovii, viii and the Fe M-shell unresolved
transition array (UTA) in the 0.7 keV regime could affect the perceived shape of the
soft excess. The problem with assigning an ‘atomic interpretation’ to explain the sim-
ilarities of soft excesses across the Seyfert population is that some sections of the soft
excess often appear smooth and certain predicted features are not evident. This led
Gierlin´ski and Done (2004) to consider the possibility of relativistic blurring of absorp-
tion features arising in a relativistic outflow, whose reduced opacity in the soft X-ray
regime (owing to the high ionization of the gas) would then explain the spectral soft
excesses. In the context of such a picture, Schurch and Done (2007, 2008) computed
the X-ray spectra of columns of outflowing gas as functions of density and velocity,
demonstrating that very high outflow velocities would be required if absorption in out-
flows are solely to explain soft excesses observed in AGN spectra. The high velocities
at about 0.9 c exceed even the relativistic wind components detected through energy-
shifted absorption lines, and Schurch et al. (2008) have found that models of line-driven
accretion-disk winds do not attain sufficiently high velocities. Schurch and Done (2008)
note that magnetic driving is likely the only acceleration mechanism that could achieve
the high velocities required in this case, and that the wind itself would have to be
clumpy, only partially covering the source.
Chevallier et al. (2006) assert that a blurred absorber would have to be in pres-
sure equilibrium, otherwise the predicted spectral variability exhibited by a source and
across a sample would be much larger than that observed. Done and Nayakshin (2007),
however, have disagreed with this conclusion. A relativistically blurred absorber would
have associated relativistically-blurred line emission, that might dominate in sources
viewed from certain angles. Models composed of blurred emission lines from an ionized
reflector have been invoked to explain some RGS spectra (Branduardi-Raymont et al. 2001),
although that result was challenged by Lee et al. (2001) and Turner et al. (2003, 2004a)
who find that the soft X-ray spectrum of MCG–6-30-15 may, instead, be influenced by
the presence of a dusty warm absorber.
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Interestingly, detailed analysis of Mrk 766 and MCG–6-30-15 found the soft excess
in those cases to be satisfactorily accounted for by the combined opacity profile of sev-
eral layers of unblurred absorption (Turner et al. 2007; Miller et al. 2008). It may be
that a complex of ionized absorption may yet turn out to be the dominant cause of ap-
parent ‘soft excesses and that extreme velocities and other effects are not required to ex-
plain these sources (Nicastro et al. 1999), with only the extreme soft-excess AGN such
as REJ1034+396 requiring an accretion disk contribution (e.g. Pounds et al. 1995).
Other attempts (Crummy et al. 2006) to explain the soft excess of AGN include
modeling the broad X-ray spectra using blurred, ionized reflection models. As discussed
by Sobolewska and Done (2007), a reflection origin strongly constrains the strength of
the soft excess relative to the incident continuum and the observation of several ex-
tremely strong soft excesses would require anisotropy of the continuum or light-bending,
such that the disk consistently sees more of the continuum radiation than the observer
in those sources. In contrast, the absorption-based models fit the data without recourse
to any radiation anisotropy. Taking an overview of models, Middleton et al. (2007) find
that absorption-based models for the soft excess provide a clearer correspondence with
black holes in the stellar mass class, compared to reflection models. Aside from the
compelling nature of such an extrapolation, how might the issue be resolved? If the
general lack of variability of the Fe-line ‘red wing’ is caused by light bending, one should
expect a blurred reflection component of the soft excess to show similar non-variable
behavior. More complete studies of the variability of the soft excess would then provide
this critical test of the reflection hypothesis.
6.5 Variable narrow emission lines
While the evidence for a relativistically-broadened line is contentious, the existence of a
narrow ‘core’ component of Fe emission is common among observed local AGN. The en-
ergy of this core component is generally consistent with 6.4 keV (Yaqoob and Padmanabhan 2004)
implying an origin in low-ionization material. Line equivalent widths lie in the range
a few tens of eV up to about 200 eV (e.g. Nandra et al. 1997; Sulentic et al. 1998;
Reeves et al. 2002), allowing some constraints to be placed on the covering fraction
of the emitting cloud (which must be high) and the optical depth of the emitting gas
(Leahy and Creighton 1993). The observed widths of the narrow line ‘core’ components
are typically a few thousand kms−1, consistent with previous suggestions of an origin
in the BLR (Yaqoob et al. 2001; Kaspi et al. 2001; Yaqoob and Padmanabhan 2004;
Bianchi et al. 2008) although some contribution from the material at large distances
is likely (e.g. Reeves et al. 2007). A study by Nandra (2006) showed there to be no
correlation between the width of the narrow FeKα emission component and either Hβ
width or black hole mass; that result suggested significant contributions to the narrow
line may arise from regions other than the optical BLR, including the outer parts of the
accretion disk. A disk contribution to the narrow component had also been suggested
from study of MCG–6-30-15 Chandra data (Lee et al. 2002).
Additional evidence for narrow lines originating in the accretion disk came from
the observation of variations in the narrow FeKα line in Mrk 841 (Petrucci et al. 2002)
and the discovery of narrow and rapidly (tens of ks) variable lines in NGC 3516
(Turner et al. 2002). In the case of NGC 3516 the lines appeared at energies redward
of the neutral FeKα line and were fully separated in the data from the narrow line
core at 6.4 keV; considerations of those line energies and strengths led to a conclusion
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that they were likely Doppler-shifted Fe lines, originating in the accretion disk or in
an outflow, such as a disk wind (Turner et al. 2002, 2004b). Further examples of the
phenomenon, dubbed ‘transient Fe lines’ soon came from observations of other AGN
(e.g. Yaqoob et al. 2003; Guainazzi 2003; Longinotti et al. 2004).
The periodic pattern of line-energy/profile changes expected from a hotspot or-
biting a black hole are very distinctive, so long as the emitting gas is not viewed
too close to the polar axis (i.e. so long as there is a significant velocity component
along the line-of-sight). The line evolution with azimuthal angle (around the disk) is
particularly distinctive for lines originating within 20 rg where general relativistic ef-
fects are measurable (Dovcˇiak et al. 2004; Czerny et al. 2004; Goosmann et al. 2007;
Dovcˇiak et al. 2008). Lines originating in a wind would also suffer relativistic and
Doppler effects related to motion along the sight-line, but these are different to the
periodic energy shifts due to disk rotation. Both possibilities are interesting: confir-
mation of a disk origin would allow derivation of parameters such as the radius of
emission and inclination of the system, confirmation of a wind origin might allow us
to trace the velocity distribution of emitting knots to help determine launch radius,
acceleration/deceleration mechanisms and mass loss rate. In principle, one could con-
firm a line origin using time-resolved spectroscopy with available instrumentation; in
practice, sufficient signal has to be accumulated in distinct azimuthally selected slices
to see the line energy evolution, without integrating so long that the azimuthal varia-
tions are averaged out. Few observations to date have had the combination of sufficient
source brightness, hotspot radial location and observation duration to track line evo-
lution in any useful way and so the origin of these features has been poorly tested.
Iwasawa et al. (2004b) claim tentative evidence for periodic flux variability for a line
in NGC 3516, although only viewing 3 cycles of repetition. Perhaps the most posi-
tive development in this area was the previously noted discovery of a line/continuum
flux correlation in Mrk 766 (Miller et al. 2006) with associated changes in line energy
(Turner et al. 2006). This flux correlation and peak-energy variability was discovered
in data from a 500 ks XMM-Newton observation and would not have been significantly
detected in a shorter observation.
Given the large number of claims of energy-shifted absorption and emission features
now in the literature, Vaughan and Uttley (2008) have questioned the significance of
the mass of results reported. Reviewing 38 published detections of features having
energy shifts v ≥ 0.05c, Vaughan and Uttley find a tight linear relationship between
the estimated feature strength and its uncertainty, demonstrating that more accurate
data tend to show weaker lines, whereas if these are true features then the stronger
lines should show up in a well-defined way with improved signal-to-noise. The inference
is that many of the reported detections are merely statistical fluctuations. However, a
number of these features have been detected on multiple occasions in the same source,
e.g. features in NGC 3516 show up repeatedly in the 5–6 keV band (Turner et al. 2002;
Bianchi et al. 2004; Dovcˇiak et al. 2004; Iwasawa et al. 2004b) and others have been
assessed using Monte Carlo simulations (e.g. Yaqoob and Serlemitsos 2005). Further
long observations of AGN detecting characteristic changes in line energy or flux with
time, coupled with a rigorous statistical analysis, are required to settle the issue.
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7 Summary of status and a review of model-space
That the X-ray spectra of AGN show marked curvature in the 2–8 keV regime is now
well-established and in itself, no longer controversial (e.g. Nandra et al. 2007), although
the interpretation of this curvature is still not agreed upon. Taking the ensemble of re-
sults both from sample studies and across the literature, summarized above, it appears
that models dominated either by blurred reflection or by complex absorption provide
statistically-comparable fits to the mean X-ray spectra of most AGN. We now sum-
marize the points for and against the hypotheses that one or other process dominates,
before discussing more general models, arguably more realistic, in section 8.
In the following section we concentrate on “reprocessing” origins for spectral sig-
natures. It should be born in mind however that we still have no established model for
the continuum production, and that process itself may imprint spectral signatures and
spectral variability on the observed spectra. In particular the corona-plus-disk emis-
sion models of Haardt and Maraschi (1991, 1993) suppose a coupling between photons
from the accretion disk and the hot Comptonizing corona, acting as the primary cool-
ing source, and between the Comptonized photons and the accretion disk, acting as
a heating source. In this picture, the illuminating spectrum should not be considered
as being a component independent of the reflection or absorption arising from cooler
material in the accretion disk.
7.1 Blurred reflection
The approach of many teams to modeling the curvature observed over the 2–8 keV
band is to use blurred reflection models obtained by convolving reflection spectra from
Ross and Fabian (2005) with the effects of emission from a rotating disk deep in a black
hole’s potential well (c.f. Laor 1991). First, any obvious absorbing gas is isolated by
measurement of narrow features in grating data (e.g. Wilms et al. 2001). The absorbing
gas is thus parameterized and model components or tables included in the fit to allow
for that; it is common to then assume a power-law continuum and blurred reflector
to model the rest of the spectrum. We assess the motivation for and implications of
modeling using this approach.
7.1.1 Motivation
One of the compelling aspects of blurred reflection models is that the signatures from
material within a few tens of gravitational radii might reasonably be expected to be
produced in AGN at a level that could be measured with existing instrumentation.
If the X-ray continuum is produced on size-scales of a few rg then for certain disk
geometries one would expect to see significant reflection component contributions from
within 20 rg and these should show measurable general relativistic effects. However, the
integrated spectrum from disk reflection depends on the illumination pattern across the
accretion disk and thus depends on the size, geometry and location of the continuum
source and the structure and ionization of the accretion disk.
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7.1.2 Continuum size
Production of the X-ray continuum over an extended corona would not result in disk re-
flection that was strongly weighted towards small radii and consequently one would not
expect to observe significant blurring in the integrated disk reflection spectrum. The
size of the X-ray continuum source is therefore a key issue in predicting the integrated
reflection spectrum and assessing the consistency of the data with that prediction. One
intriguing and potentially strong constraint is the result of observations of X-ray vari-
ability in gravitationally lensed images of quasar RXJ1131-1231, which, if interpreted
as due to micro-lensing variations suggests the continuum region to have half-light
radius <∼ 6rg (Chartas et al. 2008).
The case has long been made that the rapid variability observed in X-ray light
curves of AGN demonstrates, from arguments based upon light-crossing timescales,
that the X-ray emitter must be very compact (Rees 1977): variations observed with
current missions would suggest the size to be on the order of a thousand light seconds
across. It is now unclear however, whether such rapid variability should be interpreted
in terms of absorption variations. For example, constraints on the continuum source
size have estimated the region to be a few rg in extent based on what appear to be (de-
)occultation events in AGN (e.g. NGC1365 Risaliti et al. 2007). Whichever way one
views the data, there are reasons to think the illumination of the disk might indeed be
centrally concentrated and thus that there could be significant reflection within 20 rg
if the accretion disk also extends that close to the black hole.
7.1.3 Disk parameters
The most recent systematic study of local AGN was that of Nandra et al. (2007) based
on available XMM-Newton data. It was concluded that a large fraction of local AGN
show emission that appeared best-fitted with a blurred reflection model, but with a
large dispersion in the characteristic radius of emission. However, the study did not
allow the X-ray absorbers to have covering fractions less than unity when absorption
models were tested, nor was it able to test models against the spectral variability of
AGN. Once covering fraction is allowed as a free parameter then absorption-based mod-
els are also acceptable fits to the time-averaged X-ray spectra of AGN (e.g. Mrk 766,
c.f. Nandra et al. 2007, Miller et al. 2007; Turner et al. 2007).
7.1.4 Variability
Perhaps the biggest problem for the blurred-reflection-dominated picture is the lack of
any simple correlation observed between continuum and reflection. Light bending mod-
els rely on the continuum flux being intrinsically steady and then explain the observed
phenomena by invoking changes in the height of the continuum source above the disk,
opponents of this picture argue that such variation in continuum placement is ad hoc
and might require fine-tuning if it is observed that there is universally no line-continuum
correlation in samples of AGN. Some other models seek to explain the observed con-
stancy of the red wing (e.g. Merloni et al. 2006; Nayakshin and Kazanas 2002; Z˙ycki 2004)
but these may have difficulty reproducing the high apparent R values observed above
10 keV.
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7.1.5 Strength of the reflection component
Analysis of AGN over the broad bandpass afforded by Suzaku has shown that some
individual sources have very hard spectra indicating nominal solid angles much greater
than 2pi for blurred reflection (Section 6.3). High geometrical factors may be feasible
if the disk has a deep funnel or other favorable inner geometry, but as always, the
strength of the reflected spectrum depends critically on the surface illumination pat-
tern, illumination angle and viewing angle. Another possibility for producing a high
observed R value is that the illuminating continuum is partly hidden from direct view
and so what we see is only the Thomson-scattered radiation (i.e. the reflector sees some
continuum that is hidden from the observer, such that the observed ratio of continuum
to reflection is not directly interpretable). Some hard excesses are sufficiently extreme
that model fitting disfavors reflection with all reasonable modifications (1H0419–577,
Turner et al. 2009; PDS456, Reeves et al 2009, submitted).
7.1.6 The question of spin
In principle, if one has a clean view of the reflection spectrum then the extent of the
‘red wing’ could constrain the inner radius of the emission and thus the black hole spin:
if it is found that emission from radii r < 6 rg is required in the reflection model then
one may interpret the data as favoring an innermost stable circular orbit rISCO < 6 rg
and thus indicative of a Kerr metric. Claims for detection of black hole spin have been
made in MCG–6-30-15 and IRAS18325–5926 (Iwasawa et al. 2004a) where curvature
is evident down to ∼ 2 keV. With the uncertainty and debate on the physical processes
that dominate the X-ray spectrum in this energy range (e.g. Miller et al. 2008), in the
view of these authors it is not currently possible to constrain the black hole spin in a
model-independent way.
7.2 Absorption
An alternative view is that spectral signatures from complex absorption dominate the
X-ray spectra and may explain the spectral variability of AGN.
7.2.1 Motivation
High-resolution UV spectroscopy shows that multi-layered, complex absorbers are com-
mon in AGN comprising low-column, low-ionization systems, often showing several
kinematic components (Crenshaw et al. 2003). The highest ionization UV emission
lines in high accretion-rate objects show systematic asymmetry (e.g. Gaskell 1982;
Richards et al. 2002) supporting a disk wind origin for the UV absorbers (Murray and Chiang 1998)
and by extension, possibly supporting a wind origin for the X-ray gas. Theoretically, we
should not be surprised to find winds being driven off accretion disks (King and Pounds 2003)
and as it appears likely such winds would extend to relatively close to the black hole
(e.g. Proga et al. 2000), this motivates a consideration of X-ray spectra in terms of
absorption-dominated models. Indeed, X-ray spectroscopy directly detects absorption
signatures indicative of an origin in a disk wind, as we now discuss.
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7.2.2 Parameter space for the X-ray absorbers
X-ray observations show that absorbing gas exists over higher column densities, and
ionization-states than are measured in the UV band. Most local type 1 AGN show
numerous narrow absorption lines in the soft X-ray regime where the effective area
and spectral resolution of various X-ray grating instruments are relatively high, and
detected zones cover the full range of ionization state to which observations are sensitive
(Blustin et al. 2005; McKernan et al. 2007; Blustin et al. 2007, and references therein).
Details of the zones of absorbing gas, especially for NH<∼ 10
23cm−2 are confirmed
from grating observations of absorption lines. At the low-ionization end, outflow veloci-
ties are typically in the range 100–2000 kms−1 (these are usually consistent with having
turbulent velocities of a similar order) and zones with log ξ < 0 are commonly found
(e.g. Kaastra et al. 2000; Kaspi et al. 2002; Netzer et al. 2003; Crenshaw et al. 2003).
Spectral modeling to date has assumed the gas zones to be discrete, but a more realistic
picture may be that there is a wide range of ionization across a large-scale outflow,
with possibly multi-phase components present. Some of the higher columns to date
have been inferred from broad-band fits, as the opacity tends to be too high to be able
to detect discrete lines in soft-band grating observations. An exception is the highest
ionization zones that have log ξ >∼ 3, evident only from their telltale absorption lines
from Fexxv and Fe xxvi; these lines have equivalent widths of many tens of eV and
those observed to date likely arise from gas in the range 1023 − 5 × 1024 cm−2 (e.g
Turner et al. 2007, 2008) with outflow velocities ranging from several thousands of km
s−1 up to relativistic flows. In many cases leakage of flux towards low energies is a
strong indication that at least some absorbing zones only partially cover the source,
with covering fractions suggested to be anything from a few tens of percent to a full
shell of gas. An unambiguous signature of partial covering absorption would be the
detection of saturated line profiles that have non-zero flux in the line core, as in UV
spectroscopy of AGN: unfortunately, as many of the X-ray absorption lines are not
resolved even in grating data, line profiles cannot yet be used in this way.
Spectral variability in type 1 AGN is consistent with variations in covering fraction
of the gas. Detections of sources partially covered by gas at the high end of this column
density range may prove key to settling the absorption/reflection debate (e.g. as in
1H 0419–577, Turner et al. 2009). Of course, absorbers that are Compton-thick lead
to an expectation of some accompanying reflection from the same gas. As previously
discussed, the level of accompanying reflection or re-emission from the gas depends
critically on ionization-state and gas geometry.
7.2.3 Reasonableness of partial covering as a concept
In absorption models the covering fractions found for key gas zones often come out <∼ 1
and variations of tens of percent (with mean values often about 50%) may be used to
explain observed spectral variability (e.g. Reeves et al. 2002, 2003; Miller et al. 2007;
Turner et al. 2007).
The most common argument against partial-covering models is one based upon
probability. The key point is that for an absorber to have some (possibly varying)
covering fraction <∼ 1 it should contain structure on the same scale as the source it is
obscuring. If that structure arises because the absorber is composed of discrete clouds
of some size, then we should expect that size to be comparable to the source size. Then,
if the absorbing clouds are distant from the source, there is some implied coincidence
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between the source and absorber sizes, and furthermore to have a reasonable chance of
seeing a partial-covering absorption event there must be many such clouds distributed
across the region. Alternatively, the clouds might exist at radii comparable to that of
the source.
A more likely scenario, however, is that the X-ray absorber exists as part of a
clumpy disk wind or as part of the broad-line region. In this case we would expect it to
comprise a wide range of scale sizes, perhaps with some power-spectrum of fluctuations
as expected for turbulent fluids, rather than being in the form of discrete clouds of some
fixed size. Such distributions of clumpy absorbers are apparent in disk wind models
(e.g. Proga et al. 2008). If the X-ray absorption is in the form of a wind then the
argument about probability is not so relevant, an equatorial disk wind has a preferred
plane and the incidence of observation of rapidly varying partial-covering absorption
depends on viewing angle to the accretion disk.
A test of the reasonableness of absorption models may be possible by comparing
emission-line strengths with those expected from the absorbing gas (Section 2.3). For
non-resonantly-scattered lines this may lead to an estimate of the fraction of the sky
subtended by the wind as seen from the source: if that fraction turns out to be ex-
tremely small that might argue against the absorption model, or if it turns out to be
some intermediate value that may instead allow some estimate of wind geometry to be
made. If the ionization of the absorbing gas is sufficiently high that the emission-line
in question would be resonantly scattered, the problem becomes much more difficult
(Section 2.3). We emphasize that the absorber model parameters should be used to
determine whether the material is sufficiently ionized that a line could be resonantly
scattered. A line observed in emission from apparently low ionization material may
simply originate in a different location.
In model fits, partial-covering models are indistinguishable from ‘Thomson scatter-
ing’ models: i.e. a source that appears to be partially covered cannot be distinguished
from one where we are viewing a fully covered, absorbed continuum source plus some
fraction of continuum that has been scattered energy-independently, and this may
provide an alternative explanation for the spectra of some sources.
7.2.4 Variability
If absorption changes do produce the observed spectral variability they must also pro-
duce variability in the observed broad-band X-ray flux. The profiles of flux changes
during AGN deep dips (Section 6.1) may support this possibility. In this case, even
if the continuum source is constant, we would expect to observe large amplitude and
rapid X-ray variability in type 1 AGN and this must be accounted for when interpreting
the detailed characteristics of X-ray variations. It is not yet clear whether all of the
observed fluctuations are an artifact of such absorber variations.
A corollary of the above is that if the variations in spectral shape are explained
as arising from partial-covering changes, then the observation of systematic spectral
flattening as a source dims implies that the observed flux variations in such AGN are
dominated by the variable absorption and not by intrinsic continuum variations, as
these would not result in a correlation between brightness and spectral shape.
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7.2.5 Location and geometry of the gas
The distance of the absorbers from the ionizing source may be estimated from the
value of ionization parameter ξ obtained from model fits to spectra. Since ξ = L/r2n
(section 2.2), then provided we can obtain estimates for the other quantities we may
make an estimate of the location of the absorber, r. For an absorber of any substan-
tial opacity, ξ varies through the material and it is usual to assume that the absorber
has a discrete inner face, and to define r as being the distance of the inner face from
the ionizing source and ξ the value of ionization parameter at that face. The ionizing
luminosity is usually fairly well constrained by the knowledge of X-ray flux, power-law
photon index Γ and source cosmological redshift, although assumptions have to be
made both about the form of the continuum (e.g. power-law) and its extrapolation
outside the observed energy range. The largest uncertainty arises from lack of infor-
mation about the gas density n, so estimates of distance based on this method should
always be parameterized in terms of the unknown density (e.g. Turner et al. 2008). A
plausibility argument can be used to choose a range for the most likely value of density
and distance: for example the constraint ∆r ≃ NH/n<∼ r might be applied in the case
where the depth through the absorber is thought to be smaller than the distance of
the absorber from the central source and this would then yield an approximate lower
bound on n and a corresponding approximate upper bound on r <∼L/ξNH.
Analysts should also be aware of the degeneracies in model fits between column
density NH, ξ and n. For example, for a given column density, an absorber with low
n must be proportionally larger along the line-of-sight than one with high n. In that
case there may be substantial inverse-square-law dilution of the radiation field through
the gas, if the required source depth is comparable to the distance from the source,
so that at the outer face ξ may be much lower than in a higher-density, smaller-
depth, model. This condition arises for NH/n>∼
√
L/nξ or n<∼NH
2ξ/L. In this case
the mean ξ though the material would be lower than in a high-density model, and a
given dataset thus tends to be best-fit by a degenerate family of models in which ξ is
anti-correlated with n. Appropriate choices of ionizing luminosity and density need to
be made when calculating the expected opacity with code such as xstar. Even then,
such code assumes the absorber to have invariant density, whereas this is unlikely
to be true in practice: for example, in a steady wind, density may fall off inversely
as distance-squared, canceling out in the value of ξ the inverse-square-law fall-off in
the illuminating radiation. These considerations should always be born in mind when
assessing model choice.
Based on such estimates, some Compton-thick partial-covering absorbers appear to
lie within the BLR (e.g. Turner et al 2009) while lower column gas generally appears to
exist outside the BLR (Blustin et al. 2005), possibly associated with the dusty torus.
Other estimates of the location of the gas come from observation of column variations
that imply origins typically on the inner edge of the BLR (e.g. Puccetti et al. 2004).
However, taking an overview of the recent observational findings for this class of source
it appears that the inferred absorption arguably should be considered in the context of
outflow models rather than orbiting clouds and therefore we do not review discussions
in the literature based upon the latter.
Mass flow rates can be estimated from an assumed volume filling factor, mea-
sured velocity and the fitted gas parameters. In a review of soft-band absorbers,
Blustin et al. (2005) found that for a sample of local AGN the median mass outflow rate
was about 0.3M⊙ yr
−1 compared to a median mass accretion rate approximately an or-
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der of magnitude lower at about 0.04M⊙ yr
−1: other studies suggest the outflow and ac-
cretion rates may be comparable (Chelouche and Netzer 2005; McKernan et al. 2007).
The kinetic luminosity in those flows was unimportant compared to the bolometric
luminosity. As yet there are too few tightly constrained results from the high-velocity
gas zones to draw many global conclusions. However, a recent analysis of PG 1211+143
(Pounds and Reeves 2008) found a PCygni signature of high-velocity gas that implied
an outflow with solid angle around pi steradians. The constraint on global covering
allowed Pounds and Reeves (2008) to estimate the outflow energetics and to conclude
that this zone of gas makes an energetically significant contribution to feedback to the
host galaxy.
8 Towards a complete picture of AGN X-ray emission
Whatever the origin of spectral curvature around 6 keV, AGN carry unambiguous ev-
idence, from grating data, for absorption covering a wide range of column, ionization-
state and radial locations. When absorption models are considered to explain the ob-
served systematic spectral and flux variability then the parameters implied for the gas
suggest the material includes clumps of high column density with low covering fraction,
that indicate that it would be a misleading oversimplification to continue to think in
terms of individual single clouds. The most natural gas geometry is likely an equatorial
disk wind.
Physically, we should expect that a black hole accreting at close to the Eddington
limit should generate significant outflows, and it seems likely that such an accretion disk
would have an atmosphere and that the atmosphere would be outflowing. The column
densities required to significantly affect the observed X-ray spectra are not extreme
compared with theoretical expectation: estimates by King and Pounds (2003) indicate
that sources with a high Eddington ratio would be expected to have Compton-thick
winds outflowing at high velocity. Early wind models for supercritical AGN had also
suggested the winds would be optically thick in the central regions and that the contin-
uum source would be hidden from direct observation (Camenzind and Courvoisier 1983).
In many ways then, it is more incumbent upon modelers to justify why absorption can
be ignored in model fits rather than to justify why absorption should be included.
Whether variable absorption can explain the full range of X-ray spectral variabil-
ity is more contentious, although SWIFT observations of the brightest nearby AGN
show that the X-ray emission from AGN is more variable in those that are more
absorbed (Beckmann et al. 2007), implying that opacity variations play a significant
role in source variability. It has been found that a model of variable partial covering
for the variable X-ray spectrum of MCG–6-30-15 can explain the spectral shape, in-
cluding red wing and hard X-ray excess without requiring any inner disk reflection
(Miller et al. 2008). The model seems to require an anti-correlation between illuminat-
ing luminosity and covering fraction, although the model fits are not unique and other
possible solutions exist. If a systematic dependence between covering fraction and lumi-
nosity is confirmed, this may point to a picture in which the continuum source changes
in size systematically with luminosity, appearing and disappearing behind an absorp-
tion structure such as a clumpy disk wind or atmosphere. Changes in source size have
previously been discussed in the context of models of coronal plus disk emission (e.g.
Haardt et al. 1997).
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Fig. 7 Sample spectra computed for a viewing angle 60o from the polar axis for the equatorial
smooth wind models of Sim et al. (2008). System parameters are chosen to be appropriate for
the case of Mrk 766 with a wind originating at radius 100 rg (see Sim et al. 2008). The wind
opening half angle in this case is 45◦. From top to bottom are shown mass flow rates of 0.1,
0.3 and 1.0M⊙yr−1. The plotted spectra are all normalized to the input primary power-law
spectrum with photon index Γ = 2.
In spectral fitting and in the above discussion, attempts to describe complex AGN
X-ray spectra, beyond simple power-law models, have tended to be classed as ei-
ther “absorption-dominated”, in which case a radiative transfer code such as xstar
(Kallman and Bautista 2001; Kallman et al. 2004) is used to model a foreground ab-
sorber, or else as “reflection-dominated”, where the dominant spectral signatures are as-
sumed to arise from a slab-like reflecting surface modeled by e.g. reflion (Ross and Fabian 2005).
In practice it is likely that both absorption and reflection occur naturally, and in fact
that both processes may arise simultaneously in a clumpy wind from an accretion disk.
Such an environment is much more difficult to model because the distribution of ab-
sorbing/reflecting gas is completely unknown, but recent modelers have attempted to
predict the X-ray spectra of these more complex scenarios in order to make a compar-
ison with observation. Schurch and Done (2007) and Schurch et al. (2008) have mod-
eled the absorption component expected from a disk wind by taking shells of xstar-
modeled absorbing zones (noting that xstar is strictly a 1D radial calculation of ab-
sorption in an assumed spherically symmetric absorber and that it neglects scattering).
Schurch et al. (2008) have shown how even this simple approach, when applied to the
disk wind simulations of Proga and Kallman (2004), can yield complex spectra that
carry many features that are observed in actual AGN. Sim et al. (2008) have used a
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Monte Carlo method to calculate disk wind spectra, so far for simple wind geome-
tries, but making a more complete treatment of the radiative transfer that includes
the effects of scattering/reflection as well as absorption. Their initial treatment was
limited to highly ionized material and to consideration of K shell ions, but further
work is extending the models to lower charge states and to more complex wind ge-
ometries. The wind spectra produced by Schurch et al. (2008) and Sim et al. (2008)
naturally explain the energy-shifted absorption lines observed in recent X-ray spectra,
and Sim et al. (2008) also show that electron scattering, line scattering and recombi-
nation contribute to a significant emission of Fe Kα with a pronounced red wing, which
may provide another possible explanation of the common observational signatures in
AGN spectra. Earlier work on outflows by Titarchuk et al. (2003) had also shown that
significant line broadening would occur from Thomson scattering in outflows around
black hole systems and that this scattering can produce broad features that match
the observed data around 6 keV. Such scattering effects are difficult to separate from
strong relativistic effects in current data.
9 Future prospects
In the crucial energy range covering the FeK-shell spectral features, current X-ray
data offer either high throughput with modest spectral resolution, e.g. the CCDs of
XMM-Newton and Suzaku with energy resolution FWHM≃ 130 eV at 6 keV, or im-
proved spectral resolution with low effective area, e.g. Chandra HEG having energy
resolution FWHM≃ 40 eV at 6 keV. These data limitations have made it difficult to
distinguish between absorption and reflection models for the curvature around 6 keV.
Successful flight of an X-ray calorimeter should resolve the issue. The calorimeter de-
sign is currently being improved compared to that used for the previous attempts with
the ASTRO-E XRS-1 and Suzaku XRS-2 calorimeters. The spectral resolution now
achievable with calorimeters is FWHM≃ 7 eV, but resolution FWHM≃ 4 eV is pro-
jected for the calorimeters that should fly aboard ASTRO-H and FWHM≃ 2.5 eV for
those on the International X-ray Observatory (IXO).
ASTRO-H is planned for a launch around 2013 and, in addition to the calorime-
ter, it will carry the first imaging hard-X-ray detector contributing to a total band-
pass covering 0.3–600 keV. Closely following ASTRO-H will be the Simbol-X mission,
jointly supported by the French (CNES) and Italian (ASI) space agencies and hav-
ing a target launch date of 2014. Simbol-X will provide X-ray imaging up to 80 keV
with approximately two orders of magnitude improvement in sensitivity compared to
the non-focusing instruments that have operated above 10 keV so far. ASTRO-H and
Simbol-X will yield a wealth of valuable new information on Compton-thick absorbed
systems in AGN. IXO will be a collaborative mission involving ESA, JAXA and NASA,
and is planned to be launched sometime beyond 2018. In addition to the calorimeter,
IXO will carry a wide field imager and a X-ray grating spectrometer dispersed onto
CCDs. Possible additional instruments for IXO include an X-ray polarimeter, a hard-
band instrument or a high-resolution timing instrument. The effective area of IXO is
currently planned to be 10,000 cm2 at 6 keV and thus IXO is poised to offer a factor of
20 improvement over the best effective area offered by current CCD instruments, and
the same factor improvement over the best resolution available (at 6 keV). The scien-
tific return however should be even greater than these numbers indicate because the
high throughput and resolution will be available together. With the likely combination
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Fig. 8 A comparison of a model AGN spectrum as would be viewed by IXO (red) and Suzaku
XIS0 plus XIS3 CCDs (black). Both spectra represent a 100 ks exposure on a source of flux
F2−10keV = 2.5 × 10
−11erg cm−2 s−1 having a power-law with photon index Γ = 2 viewed
through an absorbing column with NH = 5 × 10
23cm−2 and log ξ = 2.75. The line emission
is shown from the absorbing gas plus an additional FeKα emission line from neutral material
with equivalent width 100 eV and line widthσ = 3 eV. The simulation includes no velocity
shift for either emitter or absorber.
of calorimeter and high throughput, IXO observation exposures of 10 ks would be suffi-
cient to detect key diagnostic features such as the FeKβ UTA in bright Seyfert galaxies;
this complex is predicted based on some absorption models for particular AGN but is
not detectable with current instruments (e.g. Miller et al. 2008). Thus calorimeter ob-
servations with reasonable exposure times would offer the possibility of resolving the
origin of the curvature around 6 keV by isolating weak absorption features so that we
can build up a clearer picture of the nuclear regions. Figure 8 shows an example of
how clearly spectral structure would be measured by a future calorimeter compared to
data obtained for the same intrinsic spectrum and exposure time with Suzaku CCDs.
Another area of current interest are the rapidly variable narrow lines: the rapid
variability in energy observed for these energy-shifted features means that one can-
not simply make a long integration and obtain a stronger detection. Tracking the line
changes for a sufficiently long time however, would allow the pattern of changes in these
weak lines to be compared with predictions from hotspot and wind models and com-
pared to random noise fluctuations. Changes in the flux and spectrum above 10 keV,
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Table 1 Flux (2–10 keV) and orbital timescale at 10 rg for the Tartarus database sample of
bright AGN.
Target 2-10 keV flux Torb
/10−11 erg s−1 cm−2 /ks
IC 4329Aa 7.0 1.0
MCG-6-30-15b 4.0 2.0
NGC 4051 a 2.0 2.0
NGC 5506c 7.0 2.0
Mrk 766d 2.0 4.0
Mrk 335e 1.0 5.1
NGC 7314f 4.0 5.1
NGC 7469e 3.2 7.1
NGC 4593e 4.5 8.1
NGC 4151a 10.0 13.2
MCG+8-11-11g 2.3 15.2
NGC 3516e 5.0 23.3
NGC 3783a 7.0 29.3
NGC 3227e 2.8 44.5
NGC 2992e 0.4 52.6
MCG–5-23-16g 9.0 70.8
Mrk 509e 6.6 72.9
Fairall 9e 2.5 82.0
MR 2251-178h 5.0 99.2
NGC 7213e 3.0 99.2
Mrk 841e 1.0 101.2
NGC 5548e 5.0 111.3
Arp 102Bi 1.1 141.7
NGC 2110e 3.5 202.4
MCG–2-58-22g 3.3 354.2
a Peterson et al. (2004)
b Wang et al. (2004)
c Bianchi et al. (2003)
d Wandel (2002)
e Woo and Urry (2002)
f Padovani and Rafanelli (1988)
g Bian and Zhao (2003)
h Morales and Fabian (2002)
i Wu and Liu (2004)
where the reflection continuum excess peaks, are expected to be associated with line
signatures having a disk hotspot origin. Clearly, a hard-band detector would be invalu-
able for use in conjunction with a calorimeter. We should be able to confirm the line
origin using time-resolved spectroscopy with IXO, because we could accumulate suffi-
cient photons in azimuthal samples round the disk orbit to see what patterns emerge;
we are currently limited to integrating much longer than the likely timescales of interest
to obtain sufficient photons for spectral analysis.
Considering the case where lines are observed from hotspots orbiting the black
hole, the Keplerian orbital time varies with the mass of the central black hole as
torb ≃ (r/9rg)
3/2 M8 days, where M8 is the central mass in units 10
8 M⊙. At r = 10 rg
the orbital timescale is just 1000 s for an AGN with a non-rotating (Schwarzschild met-
ric) 106M⊙ black hole, rising to 100 ks for a source with a 10
8M⊙ black hole; even for
the latter case the timescale is approximately equal to the integration time required to
detect the weak features of interest in an AGN spectrum. While there have been indi-
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cations of line profile evolution matching that expected from an orbiting hotspot in a
few tantalizing cases (Longinotti et al. 2004; Turner et al. 2006) observational progress
has been very limited. The detect-ability of hotspot lines is a function of both the or-
bital timescale (and therefore black hole mass) and the source flux, as both quantities
determine the accumulated photons in time-selected spectral bins that would reveal
detectable profile evolution.
To track the evolution in line profile at 10rg one might wish to take a minimum
of four spectral samples around the disk orbit. Figure 9 shows the signal-to-noise that
would be obtained in an IXO exposure corresponding to one quarter of a disk orbit, as
a function of black hole mass. For the simulation, a simple line was used to represent
a sample of the profile falling on the red side of the rest energy, with the integration
azimuthal section giving a line energy of 5.5 keV. The line was conservatively taken to
have an equivalent width of 30 eV, and a width σ = 30 eV. The simulation assumed an
effective area of 9000 cm2 at 5.5 keV for IXO. Points on the figure represent the same
line seen at 10rg in different sources comprising a sample of bright AGN (Table 1), those
with flux in the 2–10 keV band greater than 5 × 10−11 erg s−1 cm−2 in the Tartarus4
compilation of AGN (having systematically reduced and fit ASCA spectral results). It
can be seen that many sources have timescales at 10 rg in the range of a few tens of ks,
ideal for study with IXO. The plot can be used to assess potential observations using
ASTRO-H if the values are scaled appropriately using the ratio of the effective areas.
As noted previously, details of the line variability should yield key system parameters
such as emitting radius and system inclination in the case of a hotspot origin; launch
radius, acceleration/deceleration mechanism and mass loss rate if a wind origin were
confirmed.
10 Conclusions
Almost a decade of grating data from Chandra and XMM-Newton has helped shape
our understanding of the circumnuclear environments in AGN. The warm absorber
generally appears as a multi-layered gas complex spanning a range of ionization pa-
rameter. It is likely that this absorption is largely responsible for the soft excesses seen
in many AGN X-ray spectra and must be taken into account when fitting models to
spectra. Higher columns of gas are also detected: data from XMM-Newton CCDs, the
Chandra HEG and the Suzaku XIS have recently revealed K-shell absorption lines from
Fexxv and Fexxvi ions in a number of AGN, tracing near Compton-thick gas. In a
number of AGN, such gas appears outflowing with velocities from hundreds of km s−1
to ∼ 0.3 c. It is expected that disk winds develop in high Eddington-ratio AGN, and
such a phenomenon would be consistent with the asymmetric UV emission lines seen in
AGN. The most recent observations at energies above 10 keV also indicate the presence
of high column densities of gas that partially cover the source and provide a natural
explanation for the hard-band excesses that are often observed. Partial-covering by
additional gas lying within the known range of column and ionization can explain
observed X-ray spectral curvature and variability at lower energies, 2–8 keV. The key
layers associated with such partial-covering solutions have not yet been unambiguously
identified via narrow spectral features . However, occultation and de-occultation events
also indicate the importance of dynamically variable absorbers. It now seems highly
4 http://tartarus.gsfc.nasa.gov/
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Fig. 9 The signal-to-noise that would be obtained for a line detection in one azimuthal portion,
covering a 90 degree section of an orbit, at emitting radius 10 rg plotted against the black hole
mass for a number of bright AGN. Each plotted point represents a source listed in Table 1.
likely that, rather than having a direct view of a “naked” accretion disk dominated
by a power-law continuum plus disk reflected emission, the view to the central regions
is in fact complex, with absorption covering a wide range of densities, ionization and
dynamics, likely coupled with reflection from material over a wide range of radii. With
the recognition of the greater complexity of AGN X-ray spectra, the inference of black
hole spin from model fits is seen to be difficult with the current generation of data.
However, there is much to learn about the accretion process from studying the complex
inner regions at radii <∼ 100 rg. New models are currently being developed to study the
radiative transfer through disk winds and new high resolution data, and imaging data
in the hard X-ray band, should provide crucial new insights in the coming decade.
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